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Introduction:

The funding for the study entitled “Molecular mechanisms of radioresistance in prostate cancer”, is now
complete. This study investigated the role of DNA break repair in the radiation response of normal and
malignant prostate epithelium.

The overall hypothesis of this project was that the radiation response of normal and cancerous prostate
tissues can be correlated to the appropriate sensing and repair of DNA breaks by repair complexes
following exposure to ionizing radiation.

Specific aims relate to determining the interaction of DNA repair proteins in vitro using
immunoflorescent confocal microscopy and biochemical DNA rejoining assays under both hypoxic and
oxic conditions (given in vivo tumour cell populations).

An in vivo program of prostate xenograft radioresponse is also being initiated to determine the level of
DNA repair in situ using immunohistochemistry and immunoflorescent markers. These initial studies

will determine the heterogeneity in fractionated response in a series of prostate xenografts as relates to

DNA repair capacity, which may be translated to novel markers for radiation response in patients who

receive prostate radiation therapy.

The relevance of this project is that this in vitro to in vivo pre-clinical approach may derive clinical
biomarkers of radiation response which can predict which patients will most benefit from radiation
therapy for prostate cancer. The project will also determine the molecular mechanisms behind radiation
response, in general, in prostate epithelial tissues.

Body:

Task 1: Radiobiological and DNA-dsb Repair Studies in Normal and Malignant Prostate
Epithelium

Initally, the first task was to primarily complete in vitro studies on PC-3; LNCaP, DU145 and normal
prostate (PRSE and PREC) cells relating to senescent populations which was quantitated and found to
be dose responsive and correlated to their clonogenic survival (using a novel fluorescent flow cytometric
proliferation assay). This work has been published in Prostate Cancer and Prostate Diseases (see
Appendix 1). THIS TASK WAS FULLY COMPLETED.

Task one projects were also completed for all 5 cell lines in determining the ability for the cells to repair
double strand breaks, single strand breaks and DNA base damage (and oxidative damage) following
ionizing radiation using the comet assay. We observed a series of novel observations which currently
suggests that malignant prostate cancer cells have a DNA repair defect in the repair of DNA-dsbs, DNA-.
ssbs and DNA-base damage and oxidative damage in relation to the two normal prostate epithelial and
stromal cell cultures. Primary prostatic cultures were initiated as prostatectomy specimen cultures
available through Coriell Laboratories. We were successful in culturing both the prostate stromal and
the prostate epithelial cell cultures in vitro to be utilized in a radiobiology and DNA repair experiments.
 DNA double stand break repair gene and protein expression was determined using RNA protection




analyses and Western Blotting techniques. DNA repair studies were completed using the Comet Assay
and chromosomal repair assays.

The results showed that despite an increased expression of DNA-dsb repair complexes in malignant
prostate cells, the repair of DNA-dsbs was compromised. This suggested that prostate cancer
progression may be related to altered DNA repair and increased genetic instability. THIS TASK WAS
FULLY COMPLETED. This work was published in Cancer Research (see Appendix II).

We have therefore completed all endpoints for Task 1.
Task 2: Complete in vivo radiobiologic studies on human prostate xenografts (months 12-24).

We have determined that there are cell cycle phase specific changes in Rad51 or H2AX foci formation
in relation to DNA-dsb rejoining, by irradiating cells under both asynchronous and G0-G1 synchronized
conditions. Counterstaining with PCNA and CENP-F has determined that foci are specifically forming
in a cell-cycle phase specific manner in malignant prostate cells.

Single dose (2 and 10Gy) and fractionated experiments (5 x 2 Gy) have been completed for the PC-3,
22RV1 and DU-145 xenografts. We have now hired a new technician (Ms. Helen Zhao) to continue to
develop the prostate xenograft program and she has developed a new 22RV1 system in the lab. This
moderately-differentiated prostate cancer xenograft maintains androgen sensitivity and WTp53 function,
such that it makes a useful addition to our program when investigating p53-related reponses.

All current xenografts were removed and stained for immunohistochemical markers pertaining to p53,
apoptosis related genes (BAX, BCL2 and TUNEL assay; as well as survivin) and DNA repair markers
(RAD50, BRCA1, BRCA2, RAD50, DNAPK, s KU70, KU80, ATM, P21, RB, MYC and RPA). The

xenograft histology was also stained for proliferation markers such as MIB-1, KI-67 and PCNA.

Our results continue to suggest that RADS1, and H2AX, but not Ku70, increase in expression both in
terms of the nuclear intensity of staining as well as a number of cells positively staining for protein
following 10 Gy single dose or 5 x 2 Gy fractioned irradiation in vivo at 1-24 hours. The RADS1 data is
consistent with cells moving into the G2 phase of the cell cycle during an irradiation-induced
checkpoint. This has not been reported in the literature before. A manuscript is being prepared for
these xenograft studies. '

We have continued to collaborate with Dr. Peter Glazer’s laboratory at Yale University to show that
RADS]1 expression is decreased under hypoxia conditions in vitro. We have confirmed these findings in
vivo as RADS1 staining in hypoxic areas (as determined with EF-5 and CA-IX) is decreased, suggesting
an inverse relationship between HR-related DNA repair proteins and hypoxia. This may explain in part
hypoxia-mediated genetic instability.

We further investigated the expression of other DNA-dsb repair genes in terms of the homologous (HR)
and non-homologous (NHEJ) recombination pathways of DNA-dsb repair and showed that other
RADS51-related protein members of the HR pathway were also downregulated by hypoxia. The
expression of homologous recombination (HR) and non-homologous recombination (NHEJ) genes
following gas hypoxia (0,%) or exposure to HIF 1alpha-inducing agent, CoCl, (100uM), was determined




for normal diploid fibroblasts (GM05757) and the pre-malignant and malignant prostate cell lines, BPH-
1, 22RV-1, DU145 and PC3. RNA and protein levels were determined using RT-PCR and Western
blotting. Additionally, p53 genotype and function, the level of hypoxia-induced apoptosis, and cell cycle
distribution, were determined to correlate to changes in DNA-dsb gene expression. Induction of
hypoxia was confirmed using HIF 1-alpha and VEGF expression in gas- and CoCl,-treated cultures.
Hypoxia (48-72 hours of 0.2% O,) decreased RNA expression of a number of HR-related genes (e.g.
Rad51, Rad52, Rad54, BRCAI, BRCAZ2) in both normal and malignant cultures. Similar decreases in
RNA pertaining to the NHEJ-related genes (e.g. Ku70, DNA-PKcs, DNA Ligase IV, Xrcc4) were
observed. In selected cases, hypoxia-mediated decreases in RNA expression led to decreased DNA-dsb
protein expression. CoCly-treated cultures did not show decreased DNA-dsb protein expression. The
ability of hypoxia to down-regulate Rad51 and other HR-associated genes under hypoxia was not
correlated to c-A4bl or c-Myc gene expression, pS3 genotype or function, propensity for hypoxia-
mediated apoptosis, or specific changes in cell cycle distribution.

Hypoxia can therefore down-regulate expression of DNA-dsb repair genes in both normal and cancer
cells. If associated with a functional decrease in DNA-dsb repair, this observation could provide a
potential basis for the observed genetic instability within tumor cells exposed to hypoxia.

THIS SUB-TASK IS FULLY COMPLETED. Two manuscripts have been published in Molecular ad
Cellular Biology and Radiotherapy and Oncology from this sub-task. These are appended as
Appendices III and 1V, respectively.

Despite an initial contamination of our animals from our supplier with Pseudomonas Aeruginos (when
our entire colony of mice (greater than 70 animals) bearing Rotterdam-xenografts had to be sacrificed
before we could complete in vivo fractionation experiments in 2003-2004); we have hired a new
technician (Helen Zhao; October 1, 2004) who will be re-growing the prostate xenograft facility to
encompass fractionated and hypoxia experiments in vivo. These studies have shown that hypoxia exists
within non-irradiated and irradiated xenografts using hypoxic markers EF5, CA-1X, HIF-1alpha. These
results support the findings of induction fo these proteins by hypoxia in vitro as outlined in Appendix
IV. THIS SUB-TASK IS COMPLETE and a manuscript is in preparation. Data pertaining to this
project are shown in Figures 1-3 in Appendix V.

Task 3: (Months 18-36) Expression of DNA Repair Proteins in Clinical Specimens

We reviewed the need for biomarkers for prostate radiotherapy in a manuscript that was published in
CANCER and is appended as Appendix VI.

We therefore have completed a pre-operative radiotherapy study consisting of 12 patients who had
paired pre-operative and post-operative biopsies available for the study of radiotherapy-induced gene
expression. We have sequenced all patients for their p53 gene status for all 11 exons and all patients are
wild-type for p53. Immunohistochemistry for p53, p21, TUNNEL, Bax, Bcl-2, BRCA1/2/Rad51/DNA-
PKcs/KU70/KU80 and PCNA is completed. We have quantitated the staining pre and post-radiotherapy
using the Image Pro Plus analysis program. During radiotherapy, one patient complained of mild dysuria
(RTOG GU-1) and another complained of diarrhea (RTOG GI-2). Of'the 15 patients entered on trial, 2
patients were lymph-node positive and their prostatectomy was aborted. Of the remaining 13 patients,
median blood loss was 1000 cc. and only one patient had signs of intraoperative inflammation. None of
the patients had post-operative infections or bleeding.




Gleason scores ranged from 6 to 10 in this cohort. Survivin was elevated in malignant disease prior to
radiotherapy and did not alter its expression post-radiotherapy. The majority of irradiated prostate tumor
tissues showed increased expression of p-ATM, p-p53 and p21 WAF. The mean expression (ME) of P-
ATM increased post-RT (p=0.293). p21 WAF was negative pre-RT and positive in 7 post-RT cases. The
ME of p21 increased from 0 to 50% (p=0.001). P53 expression increased in 7 cases post-RT. The ME of
p53 increased from 41.1 to 51.8% (p=0.623). Ser15 p53 expression decreased in 6 cases post-RT. The
ME of serl5 p53 decreased from 50.8 to 10% (p=0.025). Cell proliferation (Ki-67) was reduced with no
evidence of apoptosis (TUNEL). MIB1 expression decreased in 11 cases post-RT. The ME of MIB1
decreased from 11.7 to 3.8% (p=0.001). ISEL decreased in 8 cases post-RT from a ME of 5.7 to 3.3%
(p=0.334).

This is the first study to assess biomarkers of ATM and p53 radio-response in prostate cancer prior to
and immediately following RT. Our observations of increased p21, decreased serl5 p53, and a decrease
in MIB1 expression are consistent with decreased prostate cancer cell proliferation via p21-mediated
cell cycle arrest at the G1/S checkpoint. Our results do not support apoptosis as a dominant mode of cell
kill.

Clinically, intra-operative morbidity is low following short-course pre-operative conformal
radiotherapy. A Phase II trial is planned to determine late toxicity and PSA responses. Additionally, a
Phase I trial of intra-radiotherapy biopsies to measure expression of genes during radiotherapy relative
to radiotherapy outcome has been approved by our REB.

THIS TASK IS COMPLETE and a manuscript is in preparation. Data relating to this project are
shown in Figures 4-7 in Appendix V. We continue to optimize utilize 2-photon microscopy for better
resolution of the innate foci with indirect immunofluorescence.

We also introduced a new tissue microarray to our program in the last 6 months of funding to track the
expression of DNA-dsb repair proteins across normal, pre-malignant and malignant prostate epithelium
to support our in vitro studies published as Appendix II. Preliminary data showing increased RADS1
expression in malignant versus normal or pre-malignant tissues was observed using this novel array
which consists of tissues derived from 100 patients with either BPH, PIN or Gleason scores 6-10. Our
data therefore do support the concept that aberrant DNA-dsb repair gene expression correlates with more
aggressive prostate cancers. We therefore wrote a recent review (see Appendix VII) that explores the
use of this information in a clinical setting with molecular targeted drugs

KEY RESEACH ACCOMPLISHMENTS FOR ENTIRE PERIOD OF STUDY:

The dominant mode of cell kill during prostate cancer radiotherapy is mitotic catastrophe and
terminal growth arrest and NOT apoptosis during irradiation of normal and malignant prostate epithelial
cultures in vitro..

DNA repair complexes can be visualized using confocal microscopy and the appearance and
disappearance of these foci correlate to the kinetics of DNA biochemical rejoining assays (ie. Comet
assay).

Malignant prostate epithelium may have an effect has an inherent DNA defect in terms of DNA
double strand break repair, single strand break repair and base damage repair. This is correlated to




increased expression of proteins involved in each of these pathways (APE/REF1. RAD51, BRCA2,
PARP, etc.). In the case of Rad51, altered expression is discordant from altered function and we believe
that there is an intracellular trafficking defect in Rad51 related to post-translational modification. _

Increased expression of DNA-dsb repair proteins in tissue microarrays (TMA) may be a novel
biomarker of prostate cancer progression.

Completed accrual to the phase I pilot study of preoperative radiotherapy. Immunohistochemical
markers for DNA repair and apoptosis related proteins has been completed. ATM/p53 activation occurs
in vivo with fractionated treatments. Little evidence for apoptosis following radiotherapy in vivo during
fractionated radiotherapy.

Reportable Qutcomes for 2001-2005:

Manuscripts Directly Relating or Associated With Research In This Grant:

1. Bromfield G, Fan R, Meng A, Kumaravel Ts, Bristow RG. Cell death in irradiated prostate
epithelial cells: role of apoptotic and clonogenic cell kill. Prostate Cancer and Prostate Diseases,
6(1):73-85, 2003. (Senior Responsible Author)

2. Ma B, Bristow RG, Kim J, Siu L. Combined-Modality Treatment of Solid Tumors Using
Radiotherapy and Molecular Targeted Agents. Journal of Clinical Oncology, 21(14): 2760-2776,
2003. (Collaborator)

3. Coleman CN, Stone H, Alexander G, Barcellos-Hoff MH, Bedford J, Bristow R, Dynlacht J, Zvi
Fuks, Gorelic L, Hill R, Joiner M, Liu FF, McBride W, McKenna G, Powell S, Robbins M,
Rockwell S, Schiff P, Shaw E, Siemann D, Travis E, Wallner P, Wong R, Zeman E. Education and
training for radiation scientists: Radiation Research Program and American Society of Therapeutic
Radiology and Oncology Workshop, Bethesda, Maryland, May 12-14, 2003. Radiation Research,
160(6): 729-37, 2003. (Collaborator)

4. Bristow R on behalf of the CARO Task Force Members. “Recommendations for the future of
translational radiobiology research: A Canadian perspective”. Radiotherapy and Oncology,
70(2):159-164, 2004. (Principal Author)

5. Parker C, Milosevic M, Toi A, Sweet J, Panzarella T, Bristow R, Catton C, Catton P, Crook J,
Gospodarowicz M, McLean M, Warde P, Hill R. Polarographic electrode study of tumor clinically
localized prostate cancer. International Journal of Radiation Oncology, Biology, Physics, 58(3):750-
757, 2004. (Collaborator)

6. Bindra R, Schaffer P, Meng A, Woo J, Maseide K, Roth ME, Lizardi P, Hedley D, Bristow R,
Glazer P. Down-Regulation of Rad51 and Decreased Homologous Recombination in Hypoxic
Cancer Cells. Molecular and Cellular Biology, 24(19):8504-18, 2004. (Primary Collaborator)

7. Fan R, Kumaravel TS, Jalali F, Bayani J, Squire J and Bristow RG. Defective DNA Strand Break
Repair Following DNA Damage in Prostate Cancer Cells: Implications for Genetic Instability and
Prostate Carcinogenesis. Cancer Research, 64(23):8526-33, 2004. (Senior Responsible Author)




8. West C, McKay M, Holscher T, Baumann M, Stratford I, Bristow RG, Iwakawa M, Imai T, Zingde
S, Anscher M, Bourhis J, Begg A, Haustermans K, Bentzen S and Hendry J. Molecular Markers
Predicting Radiotherapy Response: Report and Recommendations from an International Atomic
Energy Agency Technical Meeting. International Journal of Radiation Oncology, Biology, Physics
62(5):1264-1273, July 2005. (Collaborator) :

9. Nichol A, Lockwood G, Sweet J, Divanbeigi L, Rosewell T, Chung P, Bayley A, Bristow R, Crook
J, Gospodarowicz M, McLean M, Milosevic M, Warde P, Catton C. A phase II study of localized
prostate cancer treated to 75.6Gy with 3D conformal radiotherapy. Radiotherapy and Oncology
76:11-17, 2005. (Collaborator)

10. Horsburgh S, Matthew A, Bristow RG, Ritvo P, Squire J, Krahn M, Yue C, Jamnicky L,
Trachtenberg J. Male BRCA1 and BRCA2 mutation carriers: A pilot study investigating medical
characteristics of patients participating in a prostate cancer prevention clinic. The Prostate Journal,
65:124-129, 2005. (Collaborator)

11. Nichol A, Warde P, and Bristow RG. Intermediate Risk Prostate Cancer and Radical Radiotherapy:
Clinical and Translational Issues. Cancer, 104:891-905, 2005. (Senior Responsible Author)

12. Meng A, Jalali F, Cuddihy A, Chan N, Bindra R, Glazer P and Bristow RG. Hypoxia Down-
Regulators DNA Double Strand Break Repair Gene Expression in Prostate Cancer Cells.
Radiotherapy and Oncology, 76:168-176, 2005 (Senior Responsible Author)

13. Choudhury A, Cuddihy A, Bristow RG. Radiation and Other New Molecular-Targeted Agents, Part

I: Targeting ATM-ATR Checkpoints, DNA Repair and the Proteasome. Seminars in Radiation
Oncology, In Press, 2005. (Senior Responsible Author)

Book Chapters:

1. Bristow, RG, Blussyen, H., de Klein, A. and van Gent, D. The PI3-Kinase family as Sensors and Signals
for DNA Damage Responses. In: Trends in Molecular Biology; Chapter 6, (ed. MK Gospodarowicz),
Wiley-Liss Inc., 71-94, USA, 2001. (Principal Author)

2. Gospodarowicz, MK, O’Sullivan and Bristow RG: Host and Tumor-related Prognostic Factors. In: UICC
Handbook of Prognostic Factors: Chapter 6, (ed. MK Gospodarowicz) Wiley-Liss Inc., USA, 71-94, 2001.
(Collaborator)

3. Catton C, Milosevic M, Warde P, Bayley A, Crook J, Bristow RG, Gospodarowicz M. Recurrent Prostate
Cancer Following External Beam Radiotherapy: Follow-up Strategies and Management. In: The Urologic
Clinics of North America (ed. D. Theodorescu), Vol 30 (4) pp. 751-763, 2003. (Collaborator)

4. Bristow RG and Harrington L. Genetic Instability and DNA Repair; Chapter 5. In: The Basic Science of
Oncology, 4th Edition (eds. Tannock IF, Hill RP, Harrington L and Bristow RG); McGraw-Hill Ltd.; New
York, pp. 77-99, 2005. (Principal Author)




5. Bristow RG and R.P. Hill. Molecular and Cellular Radiobiology; Chapter 14. In: The Basic Science of
Oncology, 4th Edition (eds. Tannock IF, Hill RP, Harrington L. and Bristow RG). McGraw-Hill Ltd.; New
York, pp. 261-288, 2005. (Principal Author)

6. R.P. Hill and Bristow RG. The Scientific Basis of Clinical Radiotherapy; Chapter 15. IN: The Basic
Science of Oncology, 4th Edition (eds. Tannock IF, Hill RP, Harrington L and Bristow RG). McGraw-Hill
Ltd.; New York, 289-321, 2005. (Principal Co-Author)

7. Faulhaber O and Bristow RG. Basis of Cell Kill Following Clinical Radiotherapy. In: Application of
Apoptosis to Cancer Treatment (ed. Mel Sluyser), Kluwer-Springer Press, New York, VII, 293-320, 2005.
(Senior Responsible Author)

8. Bristow R. Targeting DNA-dsb Repair To Improve Radiotherapy Outcome. 7th Proceedings of
International Conference on Dose, Time and Fractionation in Radiation Oncology Meetmg, In press 2005.
(Prmcnpal Author)

Manuscripts in preparation

1. Coleman A, Smith K, Trachtenberg J, Ozelich, Narod S and Bristow RG. BRCA2 mutations, DNA Repair
and Prostate Cancer: Implications for Local and Systemic Management (Review). (Senior Responsible
Author)

Published Abstracts and Presentations:

1. Milosevic M, Toi A, Sweet J, Bristow R, Warde P, McLean M, Crook J, Catton C, Catton P,
Gospodarowicz M. “Trans-rectal oxygen measurements in prostate cancer”. Presented at thel4th
Meeting of the Canadian Association of Radiation Oncologists (CARO). Clinical and Investigative
Medicine, 23(Supp 4): S19; 2000. (Collaborator)

2. Bromfield, G P, Bristow, R G. “Relative Importance of Non-Apoptotic and Apoptotic Cell
Death Pathways in Irradiated Prostate Cells”. Presented at the 15th Meeting of the Canadian
Association of Radiation Oncologists, Quebec City. Radiotherapy and Oncology, 23(Supp1): 2001.
(Senior Responsible Author)

3. Parker CC, Milosevic M, Toi A, Sweet J, Panzarella T, Syed A, Bristow R, Catton C, Hill R,
Warde P. “A polarographic electrode study of tumor oxygenation in localized prostate cancer.”
Presented at the 43rd Meeting of the American Society of Therapeutic Radiation Oncology
(ASTRO), San Francisco. International Journal of Radiation Oncology, Biology, Physics, 51(Supp
3): 2001. (Collaborator)

4, Bristow R. G., Bromfield G, Fan R, Meng A, Kumaravel TS. “Radiotherapy-induced death
pathways in prostate cells: apoptosis versus permanent cell cycle arrest”. Presented at the 57th -
Meeting of the Canadian Urological Association (CUA), St. John’s, Newfoundland. The Canadian
Journal of Urology, 10(Suppl 1): 2002. (Principal Author)




10.

11.

12.

Bristow RG, Fan R, Kumaravel TS, Bromfield G, Jalali F, Meng A. “DNA Repair in normal and
malignant prostate epithelial tissues: implications for genetic stability and radiotherapy”. Presented
at the 21st Meeting of the European Society for Therapeutic Radiation Oncology (ESTRO), Prague.
Radiotherapy and Oncology, 65(Suppl! 1): 2002. (Principal Author)

Dearnaley D, Parker C, Panzarella T, Catton C, Bristow R, Crook J, Gospodarowicz M, McLean
M, Milosevic M, Warde P. “The effect of haemoglobin level on biochemical outcome following
radiotherapy in in localised prostate cancer”. Presented at the 21st Meeting of the European Society
for Therapeutic Radiation Oncology (ESTRO), Prague. Radiotherapy and Oncology, 65(Suppl! 1):
S47, 2002. (Collaborator)

Parker C, Panzarella T, Catton C, Bristow R, Crook J, Gospodarowicz M, McLean M, Michael
Milosevic M and Warde P “The Effect of Haemoglobin Level on Biochemical Outcome following
Radiotherapy in Localised Prostate Cancer”. Presented at the 16th Meeting of the Canadian
Association of Radiation Oncologists (CARO), Toronto. Radiotherapy and Oncology, 65(Suppl 1):
S47;2002. (Collaborator)

Chung P, Haycocks T, Panzarella T, Warde P, Gospodarowicz M, Milosevic M, Bristow R,
McLean M, Catton P, Crook J, Bayley A, Catton C. “Results of a phase 11 trial of escalated dose 3D-
Conformal radiotherapy (3D-CRT) for localized prostate cancer”. Presented at the 16th Meeting of
the Canadian Association of Radiation Oncologists (CARO), Toronto. Radiotherapy and Oncology,
65(Suppl 1): S53,2002. (Collaborator)

Bristow RG, Fan R, Kumaravel TS, Bromfield G, Jalali F, Meng A. “DNA Repair in normal and
malignant prostate epithelial tissues: implications for genetic stability and radiotherapy”, Presented
at the 16th Meeting of the Canadian Association of Radiation Oncologists (CARO), Toronto.
Radiotherapy and Oncology, 64:(Suppl), S361;2002. (Principal Author)

Catton CN, Chung P, Haycocks T, Warde P, Alasti H, Bayley AJ, Bristow R, Crook J,
Gospodarowicz M, McLean M, Milosevic M. “Hypofractionated intensity modulated radiation
therapy for prostate cancer”. Presented at the 44th Meeting of the American Society of Therapeutic
Radiation Oncology (ASTRO), Philadelphia. International Journal of Radiation Oncology Biology
Physics, 54(Supp 2): 2002. (Collaborator) \

Bristow R, Fan R, Kumaravel TS, Jalali F, Bromfield G. “Aberrant Rad51 Function in Prostate
Cancer Cell Lines: Basis for Radiotherapy Prediction and Novel Therapy”. Presented at the 2nd
International ~ Conference on  Translational Research and  Pre-Clinical - Strategies
in Clinical Radio-Oncology (ICTR), Lugano. Radlotherapy and Oncology, 66(Suppl); 2003.
(Principal Author)

Catton C, Wallace K, Haycocks T, Alasti H, Bayley A, Bristow R, Gospodarowicz M,
Milosevic M, Warde P, Crook J, McLean. “Hypofractionated Intensity Modulated Radiation
Therapy (IMRT) for Localized Prostate Cancer”. Presented at the 17th Meeting of the Canadian




13.

14,

15.

16.

17.

18.

19.

20.

21.

Association of Radiation Oncologists (CARO), Montreal. Radiotherapy and Oncology, 69 (Suppl 1):
S144; 2003. (Collaborator)

Bristow R. “The Homologous Recombination pathway of DNA repair as a novel target for
prostate cancer radiotherapy”. Presented at the 17th Meeting of the Canadian Association of
Radiation Oncologists (CARO), Montreal. Radiotherapy and Oncology, 69 (Suppl 1): 2003.
(Principal Author)

Bristow R, Fan R, Kumaravel T.S, Jalali F, Bromfield G. “The homologous recombination
pathway of DNA repair as a novel target for prostate cancer radiotherapy”. Presented at the 17th
Meeting of the Canadian Association of Radiation Oncologists (CARO), Montreal. Radiotherapy
and Oncology, 69: (Suppl 1), 118; 2003. (Principal Author)

Glazer PM, Bindar R, Schaffer P, Bristow RG, Hedley DW. Down-regulation of Rad51 and
decreased homologous recombination in hypoxic cancer cells. International Journal of Radiation
Oncology, Biology, Physics Suppl 1(60), S193, September 2004

Milosevic M, Bristow R. Chung P, Panzarella T, Toi A, Hill R. Prostate cancer hypoXia
correlates with poor patient outcome following treatment with radiotherapy. International Journal of
Radiation Oncology, Biology, Physics Suppl 1(60), S236-237, September 2004

Meng A, Cole H, Syed A, Billings S, Chung P, Sweet J, Milosevic M, Hedley D, Woo J,
Maseide K, Hill RP, Bristow RG. “Hypoxia-Induces Gene Expression within Prostate Cancer: In
Vitro and In Vivo Studies”. Presented at the 18th Meeting of the Canadian Association of Radiation
Oncologists (CARO), Halifax. Radiotherapy and Oncology, 72 (Suppl 1): S221; 2004. (Senior
Responsible Author)

Coleman A, Jonkman J, Bristow R. “DNA-dsb Repair In Sifu In Normal and Malignant Cells”.
Presented at the 18th Meeting of the Canadian Association of Radiation Oncologists(CARO),
Halifax. Radiotherapy and Oncology, 72 (Suppl 1): S222; 2004. (Senior Responsible Author)

Faulhaber O, Blin N, Bristow R. “HDAC Inhibition and Demethylation as a Means for
Radiosensitization in Prostate Cancer”. Presented at the 18th Meeting of the Canadian Association of
Radiation Oncologists(CARO), Halifax. Radiotherapy and Oncology, 72 (Suppl 1): S204; 2004.
(Senior Responsible Author)

Milosevic M, Chung P, Bristow R, Toi A, Panzarella T, Hill R. “Prostate Cancer Hypoxia
Adversely Influences Outcome Following Treatment with Radiotherapy”. Presented at the 18th
Meeting of the Canadian Association of Radiation Oncologists(CARO), Halifax. Radiotherapy and
Oncology, 72 (Suppl 1): S25; 2004. (Collaborator)

Meng A, Jalali F, Hedley D, Nichol T, Sweet J, Milosevic M, Bindra R, Glazer P, Bristow R.
“Expression of DNA-dsb Repair Proteins Is Altered Under Hypoxia in Prostate Cancer Cells” 9th



International Wolfsberg Meeting on Molecular Radiation Biology / Oncology. Proceeds Vol 6,
SP111.2:2005. (Senior Responsible Author)

22. Hendry JH, Bristow RG, West CM, Begg A, McKay M, Baumann and IAEA Consultant Group.
“Molecular Markers Predicting Radiotherapy Response”: Recommendations from an IAEA
Technical Meeting” International Wolfsberg Meeting on Molecular Radiation Biology / Oncology.
Proceeds Vol 6, SPIV.38:2005.

23. Skala M, Catton C, Divanbeigi L, Bayley A, Bristow R, Catton P, Crook J, Gospodarowicz M,
M. McLean, Milosevic M, Lockwood G, Rosewall T, Warde P. “Patient-reported late GI and GI
toxicity following high-dose radiation therapy for prostate cancer, the PMH experience”. Presented
at the meeting of the Canadian Association of Radiation Oncologists(CARO), British Columbia.
Radiotherapy and Oncology, 76 (Suppl 1): S23; 2005. (Collaborator)

24. Bristow R, Meng A, Jalali A, Hedley D, Nichol T, Sweet J, Milosevic M, Bindra R, Glazer P.
“Expression of DNA-dsb Repair Proteins Is Altered Under Hypoxia in Prostate Cancer Cells”.
Presented at the meeting of the Canadian Association of Radiation Oncologists(CARO), British

- Columbia. Radiotherapy and Oncology, 76 (Suppl 1): S67; 2005. (Principal Author)

= Nichol A, Bristow R, Warde P, Catton C. “A Prospective Study of Localised Prostate Cancer

Treated to 75.6 Gy Using 3D Conformal Radiotherapy”. Presented at the meeting of the Canadian

Association of Radiation Oncologists(CARO), British Columbia. Radiotherapy and Oncology, 76

(Suppl 1): S10; 2005. (Collaborator)

Other reportable outcomes:

There is continued development of the tissue bank relating to irradiated prostate specimens as it relates
to the phase I and phase III clinical trials; the latter has accumulated > 200 biopsies of patients having
undergone radical radiotherapy at PMH-UHN. Our REBs has been re-approved for all human studies.
Funding continues from a number of grants that were leveraged by initial monies from the US Army
DOD Prostate Cancer Research Program:

(1) A Canadian Foundation of Innovation Award worth more than $ 300,000 in infrastructure relating to
DNA repair studies

(2) An Ontario Cancer Research Network grant worth more than $ 300,000 for operating costs relating
to novel DNA repair inhibitors to be used with radiotherapy in prostate cancer;

(3)Canadian Cancer Society Research Scientist Award to the PI (Bristow) worth more than $ 500,000
over 6 years is salary support;

(4)2) a new NCIC Operating grant on hypoxia and DNA repair worth > $ 500,000 over 5 years to
PI(Bristow). ‘

Conclusions:

We have gained excellent momentum regarding the importance of DNA-dsb repair as an important
endpoint in the radiation response of prostate cancer and potentially, prostate carcinogenesis. A number




of manuscripts have been accepted or are in press. We have also leveraged the original US Army grant
to more than 2.0 million Canadian dollars in external funding.

Out studies suggest that there are defects in DNA repair relating to intracellular trafficking or
chaperoning of DNA repair factors to the nucleus. This is a novel concept and could give rise to new
treatments targeting nuclear import and export of proteins in prostate cancer. Other DNA repair
pathways amenable to study and targeting are the DNA-ddb and base excision repair (BER) pathways
which also are abnormal in prostate cancer cells. Our data with human biopsies pre and post-clinical
radiotherapy also supports the quantification of DNA damage signaling pathways and repair factors as
potential determinants of radioresponse.
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Hypoxia down-regulates DNA double strand break repair gene
expression in prostate cancer cells
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* Abstract

Background and purpose: Intratumoral hypoxia has been correlated with poor clinical outcome in prostate cancer.
Prostate cancer cells can be genetically unstable and have altered DNA repair. We, therefore, hypothesized that the
expression of DNA double-strand break (DNA-dsb) repair genes in normal and malignant prostate cultures can be altered
under hypoxic conditions.

Methods and materials: The expression of homologous recombination (HR) and non-homologous recombination (NHE.J)
genes following gas hypoxia (0.2%) or exposure to HIF1a-inducing agent, CoCl, (100 uM), was determined for normal
diploid fibroblasts (GM05757) and the pre-matignant and malignant prostate cell lines, BPH-1, 22RV-1, DU145 and PC3.
RNA and protein levels were determined using RT-PCR and Western blotting. Additionally, p53 genotype and function, the
level of hypoxia-induced apoptosis, and cell cycle distribution, were determined to correlate to changes in DNA-dsb gene
expression.

Results: Induction of hypoxia was confirmed using HIF1« and VEGF expression in gas- and CoCl,-treated cultures.
Hypoxia (48-72 h of 0.2% 0,) decreased RNA expression of a number of HR-related genes (e.g. Rad51, Rad52, Rad54,
BRCA1, BRCAZ2) in both normal and malignant cultures. Similar decreases in RNA pertaining to the NHEJ-related genes (e.g.
Ku70, DNA-PKcs, DNA Ligase IV, Xrcc4) were observed. In selected cases, hypoxia-mediated decreases in RNA expression
led to decreased DNA-dsb protein expression. CoCl,-treated cultures did not show decreased DNA-dsb protein expression.
The ability of hypoxia to down-regulate Rad51 and other HR-associated genes under hypoxia was not correlated to c-Abl or
c-Myc gene expression, p53 genotype or function, propensity for hypoxia-mediated apoptosis, or specific changes in cell
cycle distribution.

Conclusions: Hypoxia can down-regulate expression of DNA-dsb repair genes in both normal and cancer cells. If
associated with a functional decrease in DNA-dsb repair, this observation could provide a potential basis for the observed
genetic instability within tumor cells exposed to hypoxia.
© 2005 Published by Elsevier Ireland Ltd. Radiotherapy and Oncology xx (2005) 1-9.

Keywords: Hypoxia; DNA repair; Rad51; Prostate cancer; Genetic instability

Despite improvements in physical targeting techniques,
up to 40% of prostate cancer patients may fail radical
radiotherapy [37]. This is likely due to genetic or micro-
environmental factors that increase radioresistance or
systemic spread [7]. Intratumoral hypoxia is an adverse
clinical prognostic factor for prostate and other cancers and
is associated with decreased disease-free survival. The
hypoxic microenvironment may select for aggressive tumor
cell variants [12,46,36,27], as hypoxic prostate cancer cetls
acquire increased cell proliferation, decreased sensitivity to
apoptosis and increased angiogenesis [17,22]. Both

experimental and spontaneous metastatic capacity can be
increased when tumor cells are exposed to hypoxia or
hypoxia followed by re-oxygenation [11].

Metastatic cells acquire autonomy from growth factors
and normal apoptotic controls. Hypoxia-induced metastasis
is associated with gene amplification, point mutation, hyper-
mutagenesis and induction of DNA strand breaks [4]. Indeed,
anoxia can induce a DNA replication arrest activating the
ATR kinase, whereas re-oxygenation can lead to the
formation of DNA breaks activating the ATM kinase [25].
These non-repaired DNA breaks could activate oncogenes or

0167-8140/$ - see front matter © 2005 Published by Elsevier Ireland Ltd. doi:10.1016/j.radonc.2005.06.025
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inactivate tumor suppressor genes, giving rise to a mutator
phenotype and the selection of tumor cell variants with
increased growth potential [6].

The non-repair or mis-repair of DNA double-strand
breaks (DNA-dsbs) is one of the most highly-carcinogenic
processes leading to chromosomal deletions, transloca-
tions and rearrangements in the affected cell [3,4,24,39].
Human DNA-dsbs are repaired through two different
pathways that can interact with each other across cell
cycle transitions to complete DNA-dsb repair. These
include homologous recombination (HR) and non-homolo-
gous recombination (i.e. end-joining or NHEJ) [20,41,49].
HR is an error-free pathway operational in S and G2 phases
and involves RAD51, its paralogs RAD51B/C/D, XRCC2/3,
and p53, RPA, BRCA2, BLM and MUS81 [3]. In contrast,
NHEJ can occur without the use of homologous sequences
and can be precise or imprecise, depending on the
structure of the DNA end [48]. NHEJ can be utilized
during all phases of the cell cycle and involves KU70/80,
DNA-PKcs, Artemis, XRCC4, DNA Ligase IV and more
recently, ATM, p53 and MDM2 [14,38,48]. Initial DNA-dsb
sensing and nucleotide processing towards HR or NHEJ
repair has been associated with the MRN (MRE11-RAD50-
NBS1) complex [48]. Importantly, inhibition of HR or NHEJ
activity has been linked to increased carcinogenesis and
genetic instability [14,48]. However, little is known about

the molecular expression and function of DNA-dsb repair

proteins under conditions of hypoxia.

We have previously reported that hypoxia specifically
down-regulates the expression and function of RAD51
protein, independent of cell cycle distribution and the
expression of hypoxia-inducible factor, HiFt1a [5]. in other
work, we have suggested that DNA-dsb repair may be
defective in prostate cancer cell lines when compared to
normal prostate epithelium, despite malignant cells expres-
sing high levels of DNA-dsb repair proteins [20]. In this study,
we compare the expression of a number of HR- and NHEJ-
related genes following gas hypoxia or CoCl, treatments in
normal diploid fibroblasts and four prostate cancer cell lines.
We show that many of the DNA-dsb-associated genes are
down-regulated specifically by hypoxia and that this is not
correlated to p53 status, propensity for hypoxia-mediated
apoptosis or S-phase cell cycle arrests. Our findings support
the concept that hypoxia may alter DNA repair to promote
genetic instability during prostate carcinogenesis and tumor
progression.

Materials and methods
Prostate cell cultures and hypoxic or CoCl,
treatments

The human malignant prostate cell lines DU145 and PC3
were purchased from American Type Culture Collection
(ATCC; Manassas, VA) and the 22RV-1 cell line was a kind gift
of Dr Yoni Pinthus (PMH). These cell lines were sup-
plemented with 10% fetal calf serum and 1% L-Glutamine in
a-Modified Eagles Medium (MEM), Ham’s F12K and RPMI1640,
respectively. The normal diploid fibroblast strain GM05757
.was purchased from Coriell Cell Repository (Camden, NJ).
The SV40-immortalized, benign prostatic hyperplasia cell

line, BPH-1, was a gift from Dr Simon Hayward (Vanderbilt
University Medical Center). Both GM05757 and BPH-1 cells
grow in a-Modified Eagles Medium with 15% fetal calf serum.
Approximate doubling times for cell cultures under these
conditions were as follows: DU-145 and BPH-1, 18 h; PC-3,
24 h; GM05757, 18 h; 22RV-1, 40 h [20].

For all experiments, 1-3X 10° cells were plated in 10-cm
dishes, such that cells were logarithmically growing at all
time points tested. Cells were incubated in 5% CO, and air at
37°C. To render cells low-oxygen hypoxic, dishes were
placed in a modular incubator chamber (Billups-Rothenberg,
Del Mar, CA). They were then flushed with 0.2% O, (hypoxia)
or 21% O, (oxia) with 5% CO, and balanced with N, as
previously described [52]. To test for HIF1-associated gene
and protein responses, cells were treated with 100 uM CoCl,
(Sigma-Aldrich, Inc. St Louis, MO) for 3-72 h.

p53 genomic DNA (gDNA) sequencing

Genomic DNA was isolated from the harvested cells
using DNeasy™ Tissue Kit (QIAGEN Sciences, Inc. German-
town, MA). In order to have a high fidelity amplification of
p53 gene, gDNA were amplified by PCR (Expand High
Fidelity PCR System, Roche Applied Science, Indianapolis,
IN) for exons 2-4, 5-9 and 10-11. Target PCR products
were analyzed and extracted from a 1% agarose gel using
a QlAquick Gel Purification Kit (QIAGEN Sciences, Inc.
Germantown, MA). A Beckman Coulter capillary electro-
phoresis CEQ 2000XL DNA analysis instrument housed
within the UHN DNA Sequencing Facility verified the
sequences of the p53 PCR fragments [20].

Cell cycle and apoptosis assays

The level of cellular apoptosis was scored as previously
described using a nuclear morphology endpoint [8,9]. Both
floating and adherent cells from normoxic or hypoxic
cultures were collected following treatment and stained
with 10 uM Hoechst 33342 dye in 4% formalin-PBS for 30 min.
Stained cells were visualized under a fluorescence micro-
scope for evidence of distinct nuclear fragmentation and
apoptotic bodies. The number of apoptotic cells per one
hundred cells counted was quantified as the apoptotic index
for each cell line. For each cell line, at least 2 independent
experiments were.performed.

The cell cycle distribution of cells grown under normoxia or
hypoxia was quantitated using flow cytometry as previously
described [8,9]. Briefly, treated cells weré collected, washed
and fixed in 70% ethanol. For flow cytometric analysis of cell
cycle distribution, cells were washed with PBS without
Mg?* ~Ca®" prior to staining with 50 yM propidium iodide
(Sigma-Aldrich, Inc., St Louis, MO) and 50 pg/ml Dnase-free
RNase. Flow cytometry was performed using a FACSCalibre
flow cytometer (BD Biosciences, San Jose, CA) and cell cycle
distribution profiles were analysed using CellQuest software
(BD Biosciences, San Jose, CA).

Western blot analyses for protein expression
Lysates for Western blotting were processed as previously
described [20]. SDS-PAGE was performed using 8-10% bis-
acrylamide gels at room temperature. Each well was loaded
with 30 pg of total protein plus loading buffer (final
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concentration 6% glycerol, 0.83% B-mercaptoethanot, 1.71%
Tris-HCL (pH 6.8), and 0.002% bromphenol blue). Samples
were resolved by electrophoresis at 80-110V for 1.5-2.5h
and then transferred onto nitrocellulose (Schleicher &
Schuell Bioscience, Keene, NH). Pre-hybridization staining
with Ponceau solution confirmed optimal transfer between
running lanes. After transfer, membranes were incubated in
appropriate secondary antibodies and protein bands
detected using ECL Detection Reagent (Amersham
BioScience) prior to guantitation using Scion Image (Scicon
Corporation, Frederick, MD).

Primary antibodies were used at dilutions ranging from 1:
200 to 1:1000 as suggested by the supplier and included the
following: HIF1a (BD Transduction Laboratories, Franklin
Lakes, NJ), ACTIN (Sigma-Aldrich, Inc., St Louis, MO);
p21¥AF RAD51 (Oncogene Research Products, San Diego,
CA); XRCC3, RAD51C, RAD51D, RAD50 (Novus Biologicals,
Inc., Littletown, CO); KU70 (Santa Cruz Biotechnotogy, Santa
Cruz, CA) and MRE11 (Genetex, San Antonio, TX). Results
shown are representative of at least 2-6 independent
experiments.

RNA extraction and reverse transcriptase-polymer-
ase chain reaction (RT-PCR) for RNA expression

Total RNA was extracted using TRl reagent (Sigma-
Aldrich, Inc., St Louis, MO) and digested initially with
DNase 1 (Invitrogen, Carlsbad, CA). The digested products
were then reverse-transcribed with random hexamer
primers in a 20 pl volume (GeneAmp RNA PCR kit, Applied
Biosystems, Foster City, CA). Three microlitre cDNA was
amplified by PCR (Expand High Fidelity PCR System, Roche
Applied Science, indianapolis, IN) with the following primers
specific for the hypoxia response gene, VEGF, and selected
DNA repair genes:

VEGF (94 bp. Sense, 5'-CAGTTTTGGGAACACCGACAA-3’.
Antisense, 5'-ATCCCGGAACCTGTGATTTG-3'),
Rad51 (473 bp. Sense, 5-GCCTGCTGGAGAGAGGA-3'.
Antisense, 5'-GGAAGCTGGCAGGTGAC-3'),
Rad51C (511 bp. Sense, 5-AGTGGCAGGTGAAGCAGTTT-
3'. Antisense, 5'-CTTTCGGTCCCAATGAAAGA-3'),
Rad51D (289bp, 407 bp. Sense, 5'-CAGTGGTG-
GACCTGGTTTCT-3" Antisense, 5’-
TTCTGCCTGTTCCTCCTCAT-3),
Xrce3 (600 bp. Sense, 5-GTGCATCAACCAGGTGACAG -3.
Antisense, 5'-CCCAGGGAGTCACTGTAGG -3/),
BRCA1 (285 bp. Sense, 5-TTGCGGGAGGAAAATGGG-
TAGTTA-3'. Antisense, 5-TGTGCCAAGGGTGAATGAT-
GAAG-3/),

* BRCA2 (248 bp. Sense, 5'-CCCATGAGGCAAAGCATAAT-3'.
Antisense, 5'-CTGCATTTGACCCATTTCCT-3),
Rad52 (597 bp. Sense, 5'-GACGCACAGCACTCCTGTAAC -
3'. Antisense, 5/-CATCTGTCCAGAGCCTCTCC -3'),
c-Abl (201BP. SENSE, 5'-TTCAGCGGCCAGTAGCATCT-
GACTT-3'. Antisense, 5-TGTGATTATAGCCTAAGACCCG-
GAG -37),
Rad54 (278 bp. Sense, 5'-CATCATGGCTGATGAGATGG-3'.
Antisense, 5'-TGAGGATGGGAGAAGACACC-3'),
Rad50 (322 bp. Sense, 5'-ACCCACCACCTTCTTCTCCT-3'.
Antisense, 5'-TGGCATCTGAAGAGCAAATG-3'),

Mre11 (285 bp. Sense, 5-CTTGTACGACTGCGAGTGGA-3'.
Antisense, 5'-TTCACCCATCCCTCTTTCTG-3'),

Xrced (499 bp. Sense, 5'-GGCAATGGAAAAAGGGAAAT-3'.
Antisense, 5'-TCGGTCAGCAGTCATTTCAG-3'),

DNA Ligase IV (797 bp. Sense, 5-GGCAACTGCAT-
GATCCTTCT-3'. Antisense, 5-GGGCTTCTCTGCTACTG-
CAC-3'),

DNA-PKcs(236 bp. Sense, 5'-ACACCATGTCCCAAGAGGAG-
3'. Antisense, 5'-AGCCTCAGGGCTTGTACTCA-3/)

Ku70 (981bp. Sense, 5-TATTTACGTCTTACAGGAGC-3'.
Antisense, 5'-GCATCTTCCTTTTATCATCA-3').

The B-Actin gene (226 bp. Sense, 5-GACCCAGAT-
CATGTTTGAGACC-3'; Antisense 5'-GGT GAG GAT CTT CAT
GAG GTAG-3') was amplified as an internal control. PCRs
were performed in a PTC200 thermal cycler (MJ Research,
Watertown, MA) at 95 °C for 2 min, and then subjected to 30
cycles of amplification at 94 °C for 1 min, 55 °C for 1 min and
72 °C for 1 min. The final elongation step was 72 °C for 5 min.
Target PCR products were analyzed, extracted from a 1%
agarose gel containing ethidium bromide and visualized by
UV detection. Results shown are representative of at least
2-6 independent experiments.

Results

Initial experiments confirmed the gas hypoxic response
(0.2 or 2.0% O, concentrations) in logarithmically-growing
normal (normal diploid fibroblast strain, GM05757) and
malignant (DU145 prostate cancer) cell cultures. Fig. 1
demonstrates up-regulation of VEGF RNA and increased
expression of HIFta protein at 48 and 72h for both
GM05757 and DU145 cells. Repeated experiments showed
similar induction at times ranging from 24 to 72 h for all
cultures tested at 0.2% and 2% oxygen gassing conditions
(data not shown). Increased endogenous HIF1a expression
following gassing with 21% oxygen in DU145 and PC3 cells
was consistent with the reported increased basal
expression and hyper-inducibility of HIF1e in malignant
prostate cells [43].

Although the expression and function of Rad51 can be
down-regulated following hypoxia [5]. It was unknown
whether Rad51 expression following hypoxic exposure is
differentially affected in normal cells relative to malignant
cells. Fig. 2(a) and (b) shows the relative expression of
RAD51 protein in DU145 and PC3 cells relative to GM05757
normal fibroblasts, in which RAD51 protein levels are
uniformly decreased at 72 h following hypoxia in both
normal and malignant cultures. We, therefore, chose this
time-point to determine Rad57 RNA and RAD51 protein levels
amongst a group of immortalized and malignant prostate cell
cultures (see Fig. 2(c) and (d)). In all cases, Rad51 RNA and
RAD51 protein were decreased, with final protein levels in
the malignant cell lines approaching that of GMO05757.
However, there is discordance between RNA and protein
levels amongst the cell lines following hypoxia: RNA
expression can be ablated by hypoxia without the total
ablation of RAD51 protein (c.f. RNA and protein expression
of DU145 and PC3 cells). The latter observation may be due
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Fig. 1. Increased VEGF RNA and HIF 1« protein in response to hypoxia. (a) RNA expression (based on RT-PCR) of the VEGF gene following 48 or 72 h
of 0.2% O, in malignant DU145 prostate cells or normal GM05757 fibroblasts. The relative levels of Actin RNA are shown as a loading control. (b)
Western blot for protein expression showing induction of the HIF 1« protein following 48 or 72 h of 0.2% 0, (hypoxia) in the same cell lines, ACTIN

protein levels are shown as a loading control.

to the long-half life of the RAD51 protein in relation to the
half-life of Rad57 RNA [5].

in human cells, the majority of DNA-dsbs are repaired
by either the HR and/or the NHEJ pathways in a cell cycle
and cell-type specific manner [41,48]. We, therefore,
compared the RNA and protein expression of selected
genes within each of these pathways following hypoxic
exposure (Fig. 3). At the RNA level, we observed that the
Rad51 paralogs (e.g. Rad51C, Rad51D, Xrcc3) and the HR-
related genes, BRCA1, BRCA2, Rad54, Rad52, were all
down-regulated in both normal and malignant hypoxic
cultures, independent of c-Abl gene expression alterations
(the latter reported to transcriptionally up-regulate
Rad51; see Fig. 3(a)) [13,45].

Similar decreases in expression were also noted for DNA-
PKcs, Ku70 and DNA-Ligase 1V genes, but not for the Xrcc4
gene or the Rad50 and Mre 11 genes (the latter involved in the
MRN complex and DNA damage sensing; see Fig. 3(b)). Again,
we observed discordance between RNA and final protein
levels for some of these genes (c.f. Fig. 3(a) and (b) with (c)).
For example, the RNA level for Ku70 was decreased by
hypoxia, yet there was not a resultant decrease at the protein
level. Further biochemical studies will be required to
determine whether hypoxia solely alters HR protein, rather
than NHEJ, protein expression. However, we did not observe a
similar down-regulation of RAD51-associated proteins
following CoCl;. treatment (100 pM for 3 or 72 h) when
compared to gas hypoxia (for more detail see Appendix 1 in
the online version of this article). This illustrates the potential
for disparate results when using gas hypoxia or chemical
inducers of HIFta such as CoCl; or desferrioxamine (DFX).

Finally, the relative level of Rad51 expression or
function following hypoxic exposure could be biased by a
number of molecular and cellular factors including p53
expression and function (e.g. ability to up-regulate
p21%AF) the capacity for hypoxia-mediated apoptosis, the
level of ¢-Myc expression and relative cell cycle distribution
[1,18,19,20,23,26,34,47,51,52]. Endogenous expression of

HR-associated genes is increased within malignant prostate
cell lines[20] and the expression or function of Rad57 and
other HR-associated genes can vary with differential p53
status and interact with p21%A"-mediated G1 checkpoint
control or be affected by cells undergoing apoptosis or cell
cycle arrest during S-phase[19].

DU145 and PC3 cells lack p53 function and p21WA* up-
regulation following DNA damage, due to mutant or null p53'
expression, respectively [20]. Our sequencing experiments
revealed there were no mutations within exons 2-11 of the
p53 gene in GM05757, BPH-1 and 22RV-1 cells. Indeed, the
latter three lines all up-regulated p21YA" following DNA
damage, consistent with wild type p53 function (see
Fig. 4(a)). Decreased Rad51 expression following hypoxia
is, therefore, not correlated to p53 expression nor function
in our cell lines.

We next determined the cell cycle distribution of the five
cell cultures pre-, and post-hypoxia, using flow cytometry
(representative profiles in Fig. 4(b) and mean quantitative
datain Fig. 4(c)). The S-phase fractions in the wild type p53-
expressing cell lines varied minimally after 72 h of hypoxia,
whereas the two cell lines which lack p53 function showed
either decreased or increased S-phase fractions. This is
supported by minimal changes in the expression of the ¢-Myc
gene (Fig. 4(d)) which has been linked cell proliferation,
apoptosis and HR [1,47]. All the cell lines showed a decrease
in G2 phase cells and an increase or sustaining of the G1
fraction, consistent with the hypoxia-induced G1 arrest
being p53-independent [26]. These slight cell cycle changes
do not, however, account for the large RNA decreases
observed for DNA-dsb repair genes within both the HR and
NHEJ pathways.

Finally, we scored all cultures for apoptotic morphology
(pre- and post-hypoxia) to rule out decreased Rad51
expression as a consequence of hypoxia-induced apoptosis.
We observed a large and significant increase in hypoxia-
induced apoptosis solely in the wild-type p53-expressing
22RV-1 cells (P<0.05; Fig. 4(e)). Altogether, there is no
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Fig. 2. Decreased Rad51 gene expression in normat and malignant cuttures following hypoxia. (a) Western for protein expression showing
decreased expression of the RAD51 protein following 24 or 72 h of 0.2% O, in malignant DU145 and PC3 prostate cells or normat GM05757
fibroblasts. The relative ACTIN protein levels are shown as a loading controt. (b) Similar Western blot as in (a), but for normal GM05757
fibroblasts. {c) RNA expression of the Rad51 and VEGF genes following 72 h of 0.2% O, in the prostate cell lines DU145, PC3, BPH-1 and 22RV-1
and normal GM05757 cells. The relative levels of Actin RNA are shown as a loading control. (d) Western blot for RAD51 protein expression
following 72 h of 0.2% O, in malignant and normal cultures described in (c). The relative ACTIN protein levels are shown as a loading controt.

correlation between decrease in HR-related gene expression
and p53 status, apoptotic capacity or c-Myc levels or S-phase
fraction following hypoxic exposure.

Discussion

To our knowledge, this is the first report that documents
gene expression relating to members of the HR and NHEJ
pathways following hypoxia in normal, immortalized and
malignant cells. We observed decreases in HR-related DNA-
dsb repair protein expression within several immortalized
and matignant prostate cell lines following gas hypoxia, but
not CoCl,-treatment. In our study, the HIF1a-induced gene
expression induced by CoCl, was insufficient to alter RAD51
protein expression. In a previous study using MCF-7 cells, DFX
treatment led to a decrease in Rad57 RNA and also in protein
levels [4,5]. The differences between the two studies may
relate to HIF1a-independent effects of DFX relative to CoCl,

and reinforces the point that the use of DFX or COCl; may not
directly mimic the gene expression or cell biology under low
oxygen conditions.

Our observation that RNA expression was reduced for a
number of DNA-dsb genes speaks to a mechanism by which
hypoxia reduces HR-gene transcription through altered
expression of transcriptional activators and/or repressors
[4,10,50] such as has been described for RAD51 expression
changes that are linked to E2F and growth state [28], or that
hypoxia has a more general effect on RNA transcription. At
the level of protein translation, it is known that hypoxia
leads to a rapid and sustained inhibition of protein synthesis,
mediated by eukaryotic initiation factor 2alpha (elF2alpha)
phosphorylation by the endoplasmic reticulum (ER) kinase,
PERK; whether this pathway can alter RAD51 protein levels
requires further study [33]. Future temporal studies of these
and other modifications following hypoxia may help clarify
the disparity between RNA and final protein levels amongst
the DNA-dsb pathways tested.
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cultures. ACTIN protein levels are shown as a loading control.

When taken together with our previous studies [5], the
present experiments suggest that a discordance between
cell proliferation, induction of DNA breaks, and defective
DNA repair, could drive genetic instability and emergence of
aggressive cell clones within hypoxic sub-regions of tumors
[4,20]. Other investigators have reported that the expression
of genes relating to base excision repair (BER), DNA-single
strand break (DNA-ssb) repair and mismatch repair (MMR)
can also be modified under hypoxic conditions [15,29,31,32].
When placed in the context of hypoxia-induced genetic
changes leading to hypoxic adaption and clonal selection,
hypoxic tumor cells which have decreased expression of DNA
repair genes may acquire increased DNA-dsbs, DNA-ssbs,
oxidative damage and errors of replication to drive tumor
progression with a mutator phenotype [20].

Functional assessments of the level and fidelity of DNA-
dsb repair are still required to link altered expression with
altered function. Hypoxia can reduce the initial number of
DNA-dsbs by a factor of 2 to 3 [21,22,27,30]. However,
the subsequent repair of these breaks by HR or NHEJ
under hypoxic conditions and whether this is altered in
malignant versus normal cells is not well-characterized.
We are currently determining the relative ability of oxic
and hypoxic cells to conduct HR using endpoints relating
to intranuclear RAD51 repair foci in situ and gene
conversion events using an intra-chromosomal, GFP-
based plasmid reporter system [49]. These models will
be helpful in determining whether repair-deficient clones
are selected for by acute hypoxia and/or re-oxygenation
or adaption to chronic hypoxia [50].
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Hypoxic tumor cells remain an important target for
oncology [10]. We have previously hypothesized that relative
DNA-dsb repair expression and function amongst normal and
malignant prostate cells, may be disparate under in vitro
versus in vivo conditions due on microenvironmental factors
[19]. The data in the current report support this hypothesis.
As a result, the staining of DNA damage and response
proteins within histologic sections of prostate, or other
cancers, as biomarkers of carcinogenesis or genetic
instability, will need co-staining with markers of intratu-
moral oxygen to avoid bias [2,16,20,42].

Intratumoral hypoxia can be modified by androgen
deprivation [40,44] and is associated with the development
of aggressive androgen-independent prostate cancer cells,
which is a cause of mortality in prostate cancer patients. Our
findings, therefore, support investigation of novel strategies
that augment DNA repair as a means to prevent carcinogen-
esis and tumor progression. They also support the study of
molecular-based strategies [35] which target hypoxia or
abnormal DNA-dsb repair in prostate tumors as an adjunct to
radiotherapy.
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The clinical heterogeneity of intermediate-risk prostate carcinoma presents a
challenge to urologic oncology in terms of prognosis and management. There is
controversy regarding whether patients with intermediate-risk prostate carcinoma
should be treated with dose-escalated external beam radiotherapy (EBRT) (e.g.,
doses > 74 gray [Gy]), or conventional-dose EBRT (e.g., doses < 74 Gy) combined
with androgen deprivation (AD). Data for this review were identified through
searches for articles in MEDLINE and in conference proceedings, indexed from
1966 to 2004. Currently, the intermediate-risk prostate carcinoma grouping is
defined on the basis of prostate-specific antigen (PSA), tumor classification (T
classification), and Gleason score. Emerging evidence suggests that additional
prognostic information may be derived from the percentage of positive core needle
biopsies at the time of diagnosis and/or from the pretreatment PSA doubling time.
Novel prognostic biomarkers include protein expression relating to cell cycle
control, cell death, DNA repair, and intracellular signal transduction. Preclinical
data support dose escalation or combined AD with radiation as a means to increase
prostate carcinoma cell kill. There is Level I evidence that patients with interme-
diate-risk prostate carcinoma benefit from dose-escalated EBRT or AD plus con-
ventional-dose EBRT. However, clinical evidence is lacking to support the uniform
use of AD plus dose-escalated EBRT. Patients in the intermediate-risk group should
be entered into well designed, randomized clinical trials of dose-escalated EBRT
and AD with sufficient power to address biochemical failure and cause-specific
survival endpoints. These studies should be stratified by novel prognostic markers
and accompanied by strong translational endpoints to address clinical heteroge-
neity and to allow for individualized treatment. Cancer 2005;104:891-905.

© 2005 American Cancer Society.

KEYWORDS: prostate carcinoma, androgen ablation, radiotherapy, prognostic fac-
tors, genomics, cell death, molecular therapy, prostate-specific antigen, combined-
modality treatment, dose escalation

In 2004, the American Cancer Society estimated that 230,110 men
would be diagnosed with prostate carcinoma and that 29,900 would
die of the disease (available from URL: http://www.cancer.org [ac-
cessed January 10, 2005]). Recent data from the Cancer of the Prostate
Strategic Urological Research Endeavor (CaPSURE) registry indicate
that there has been a stage migration of prostate carcinoma over the
last 15 years, when prostate-specific antigen (PSA) screening became
widely available in the U.S." The CaPSURE data base uses the risk
stratification for prostate carcinoma defined by D’Amico et al.2 In
their scheme, intermediate-risk prostate carcinoma is defined as clin-
ical T1-T2 discase, Gleason score < 8, and PSA = 20 ng/mL with at

Published online 8 July 2005 in Wiley InterScience (www.interscience.wiley.com).
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TABLE 1

Risk Group Definitions for Clinically Staged Patients with Prostate Carcinoma

Study/definition Low stage Intermediate stage High stage Very high stage
Scherr et al.,, 2003'7 (NCCN; 2002 TI-T2a, and GS < 6, and T2b-T2¢? or GS = 7, or T3a,% or GS = 8-10, o T3b-T4

TNM classification) PSA <10 PSA = 10-20 PSA > 20
Roach et al., 20037 (15-35% ¥isk PSA < 30 and GS = 7-10 or
of positive pelvic lymph PSA=30and GS < 6

nodes)

Lukka et al., 2001'® (Canadian
Consensus; 1997 TNM
classification)

Roach et al,, 2000"® (RTOG

Tla-T2a, and GS < 6,
and PSA < 10

TI-T2and GS < 6

Zelefsky et al., 1998 T1-T2, and GS < 6, and
PSA <10

Tlc-T2a, and GS < 6,
and PSA < 10

D'Amico et al., 19987 (1992 TNM
+ classification)

T2b, or GS = 7, or PSA = 10-20

T1-T2 and GS = 7 or T3 and GS
trials)” ' <6

T3/T4, or GS = 8-10, or
PSA > 20

T1-T2 and GS = 8-10 or T3 and GS = 8-10

T3and GS =7
One of the following: T3. or GS Two of T3, 0r G5 2 7,
=7,0rPSA > 10 or PSA > 10
Tab, or GS = 7, or PSA = 10-20 T2¢, or GS = 8-10, or
PSA > 20

NCCN: National Comprehensive Cancer Network; GS: Gleason score {range, 2-10); PSA: prostate-specific antigen {ng/mL); 2002 TRM classification: T2a: half of 1 lobe of the prostate, T2b: 1 lobe of the prostate,
and T2c: both lobes of the prostate; 1997 TNM classification: T2a: 1 lobe of the prostate, and T2b: both lobes of the prostate; RTOG: Radiation Therapy Oncology Group; 1992 TNM classification: T2a: half of 1 Jobe

of the prostate, T2b: 1 lobe of the prostate, and T2c: both lobes of the prostate.
? Patients with multiple adverse factors may have been shifted into the next highest risk group.
" Bulky T2 areas (> 5 cm? ¥ 5 cm?) were grouped as T3,

least 1 of the following adverse factors present: clinical
T2b disease, PSA > 10 ng/mL, or Gleason score = 7.
According to CaPSURE, between 1989 and 2002, the
proportion of patients presenting with high-risk dis-
ease (clinical T3-T4 disease, or Gleason score = 8-10,
or PSA > 20 ng/ml) decreased from 41% to 15%, and
the proportion of patients presenting with low-risk
disease (clinical Tlc-T2a disease, Gleason score
= 2-6, and PSA = 10 ng/ml) increased from 31% to
47%.* Therefore, despite the introduction of PSA
screening, nearly one-third of all new patients with
prostate carcinoma continue to present with interme-
diate-risk disease.

Treatment approaches for low-risk prostate carci-
noma include watchful waiting, hormone therapy
(e.g., androgen deprivation [AD]), radical prostatec-
tomy, brachytherapy, or external beam radiotherapy
(EBRT), depending on tumor and patient characteris-
tics. A number of nonrandomized, retrospective stud-
ies have shown equipoise between surgical, brachy-
therapy, and EBRT approaches for low-risk disease.?*
High-risk disease now is approached routinely with
combined hormono-radiotherapy based on random-
ized studies that have shown improvements in overall
survival.>® Between 1990 and 2000, the use of neoad-
juvant androgen deprivation (NAD) and EBRT rose
from 4.9% to 73.5% in the intermediate-risk group,
despite the absence of any randomized clinical trial
(RCT) for this risk group.”

There is considerable controversy regarding the
optimal treatment of patients with intermediate-risk

prostatic carcinoma in relation to the role of dose-
escalated EBRT (e.g., total dose > 74 gray [Gyl) versus
conventional-dose EBRT (e.g., total dose < 74 Gy) and
AD. To address this controversy, we have reviewed the
categorization and prognostication of intermediate-
risk prostate carcinoma. In this report, we also discuss
new molecular and cellular biomarkers that may tri-
age intermediate-risk patients further into subgroups
for refined prognostication and treatment. Finally, we
critically appraise the available pre-clinical and clini-
cal evidence for dose-escalated EBRT alone or in com-
bination with AD for this heterogeneous group of pa-
tients.

Defining Intermediate-Risk Prostate Carcinoma

Prognostic variables for PSA-based outcomes after
treatment for localized prostate carcinoma can be de-
fined in terms of biochemical freedom from survival
(bFFS) or biochemical no evidence of disease (bNED)
and have been studied within both univariate and
multivariate models. Consequently, biochemical prog-
nostic groupings are based on initial clinical tumor
classification (T classification), pretreatment PSA
level, and Gleason score®'® (see Table 1). The bio-
chemical outcome of the intermediate-risk subgroup
is highly dependent on the selected definition of bio-
chemical failure. This currently is defined by the
American Society for Therapeutic Radiology and On-
cology (ASTRO) consensus definition as three consec-
utive rises in the PSA level after treatment.’' Other
biochemical failure definitions are being studied, but




none had supplanted the ASTRO definition at the time
of this writing."?

Several authors and organizations have defined
variably the interface between the intermediate and
high-risk groupings (Table 1). For example, the initial
risk groupings defined by Roach et al. were derived
from a metaanalysis of the Radiation Therapy Oncol-
ogy Group (RTOG) randomized trials that were con-
ducted in the pre-PSA era.’*'* An application of these
© risk groupings to a recent cohort of patients has vali-
dated them again in the modern PSA-era, in which a
PSA value > 20 ng/mL confers a high risk of biochem-
ical failure, lower progression-free survival, and lower
overall survival.’® Also in 2003, Roach et al. defined an
intermediate-risk group (e.g., patients with a 15-35%
risk of lymph node involvement, as determined by the
following formula: percent risk = 2/3*PSA + 10*[Glea-
son score = 6]) based on the results of the RTOG 94-13
study.'® Because this definition includes patients with
clinical T3 disease and PSA values > 20 ng/mL, it
would be classified otherwise as high-risk by a number
of groups, including authors of the RTOG meta-anal-
yses, the National Comprehensive Cancer Network
(NCCN'), and the Canadian Consensus.'® A recent
report suggested that the use of a single-factor prog-
nostic model (e.g., clinical T2b disease, or PSA > 10
ng/mL, or Gleason score = 7) to define intermediate-
risk disease created prognostic groups with greater
internal consistency than a 2-factor model (e.g., any 2
of clinical T2b disease, PSA > 10 ng/mL, or Gleason
score = 7).'® For the purpose of the current review, we
have defined patients with intermediate-risk prostate
carcinoma using the single-factor interpretation of the
NCCN criteria,!” which is the as the same Canadian
Consensus definition.'® We also have confined our
discussion to the use of EBRT in intermediate-risk
disease; however, it is recognized that some groups
may utilize brachytherapy (another form of dose-es-
calation) as a component of therapy for patients with
intermediate-risk disease.*

Prognostic Markers for Intermediate-Risk Prostate
Carcinoma

Interrogating the relative slopes of EBRT dose-re-
sponse curves (i.e., the PSA-based tumor control prob-
ability vs. the total radiotherapy dose) for prostate
carcinoma leads to the conclusion that there is great
heterogeneity within the intermediate-risk group.?®?!
Understanding this heterogeneity may allow for more
effective triaging a priori of intermediate-risk patients
into subgroups with varying probabilities of local con-
trol or development of distant metastases. This can be
illustrated using prostate-specific nomograms, such as
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the Memorial Sloan-Kettering Prostogram (version
4.02; available from URL://www.nomograms.org [ac-
cessed May 27, 2004]). For example, 2 patients who
receive 78 Gy (1 patient with Tlc disease, Gleason
score = 6, and PSA = 10.1 and the other patient with
T2b disease, Gleason score = 7, and PSA = 19.9) would
have 5-year PSA progression-free probabilities of 88%
and 54%, respectively.”>** The well established prog-
nostic factors of PSA, clinical T classification, and
Gleason score determine < 50% of the variability of
biochemical failure-free survival.?! Indeed, the clinical
stage, as determined by digital rectal examination,
historically has been an important prognostic vari-
able; however, as more and more patients are diag-
nosed with nonpalpable disease, it has become less
useful.”® Furthermore, the utility of computed tomog-
raphy scanning and bone scans to address the heter-
ogeneity within the intermediate-risk group is low.?®
Clearly, better prognostic and predictive factors are
required for this heterogeneous group of patients. A
strong predictor of tumor radiocurability, indepen-
dent of known prognostic factors, could lead to novel
treatment strategies combined with radiotherapy or to
a decision to abort radiotherapy altogether in favor of
a radical prostatectomy.

There are a number of promising methods for
improving our ability to stratify and select the appro-
priate treatment for patients with intermediate-risk
prostate carcinoma. For example, information ob-
tained from systematic prostate biopsies can identify
patients with a greater volume of disease and, thus, a
greater risk of PSA failure, metastatic burden, and
prostate carcinoma-specific mortality (PCSM).2"2%
The percentage of positive biopsies (i.e., = 50% diag-
nostic cores involved with malignancy) is an indepen-
dent prognostic variable that may triage patients
within the intermediate-risk group into relatively fa-
vorable or unfavorable risk groups.?”?* Results from
more recent analyses suggest that the pretherapy PSA
doubling time, or a high proliferative index (as mea-
sured by Ki-67 staining) can predict the risk for distant
metastases and death in prostate carcinoma patients
who are treated with radical intent.?*? Other ap-
proaches to the determination of pretreatment local
or systemic tumor bulk include magnetic resonance
spectroscopy of metabolically active tumor cells
within the prostate®® and the use of the polymerase
chain reaction to detect potentially metastatic pros-
tate carcinoma cells in the bloodstream. The latter
assay, or one similar to it, could guide the use of
systemic therapy in addition to radiotherapy.®*

A number of intrinsic, pretreatment molecular bi-
omarkers also may predict tumor cell radioresistance,
extracapsular disease, and/or the presence of metas-
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RADIOTHERAPY RESPONSES:

Cell cycle arrest via p53; MDM-2; p21WAT; and PRIMARY TUMOR
cyclins D, E, A, and B, LOCALIZED TO
Attempted DNA repafr, PROSTATE GLAND

Signaling through EGFR, PTEN-AKT, and RAS

ANDROGEN
DEPRIVATION

Gene mutation,
Altered signaling, —'l
Tumor hypoxia

TUMOR CELL DEATH:
Terminal growth arrest,
Mitotic catastrophe, and

Apoptosis {possibly)
l |
CLINICAL ENDPOINTS:
Decreasing PSA and negative
postradiotherapy biopsy, METASTATIC
Negative Ki-67 {no proliferation), PROSTATE CARCINOMA

Positive p18°%ie SA.Lgal (terminal arrest)

FIGURE 1. Radiotherapy induces damage within the DNA, the cytoplasm, and the outer plasma membrane of prostate carcinoma cells. This elicits a series of
intracellular signal-transduction cascades leading to G,, S-phase, and G, cell cycle arrests and attempted DNA repair. Initial sensing of cellutar damage also activates
the epidermal growth factor receptor (EGFR) pathway, including downstream RAS and phosphatase and tensin homolog (PTEN)-AKT signaling. Mutations in the genes
involved in these pathways or increased levels of intratumoral hypoxia can lead to relative tumor cell resistance and decreased tumor cell kill. These radioresistance
pathways are targets for a number of novel molecufar agents that may be used in combination with radiotherapy. For prostate carcinoma cells that sustain lethal
amounts of damage, tumor cell death occurs in a dose-responsive manner through terminal growth arrest, mitotic catastrophe, and possibly, apoptosis. Androgen
deprivation likely increases radiation-induced cell death in vivo by augmenting terminal growth arrest. For patients with subclinical metastatic disease, androgen
deprivation also may arrest the growth of systemic metastases terminally or transiently and after rates of disease progression. To our knowledge, there is no assay
currently available that directly determines the killing of prostate carcinoma clonogens in a quantitative manner. instead, clinical surrogates for cell kill include
postradiotherapy prostate-specific antigen (PSA) values and their nadir and/or the presence of active disease within prostate biopsies taken 2-3 years after

radiotherapy and stained for biomarkers of cell proliferation. SA-Bgal: senescence-associated 3-galactosidase.

tases (see Fig. 1). These include markers of intratu-
moral hypoxia, genetic stability, cell proliferation, or
cell death.®®?® Intratumoral hypoxia is viewed as a
negative prognostic factor capable of generating ag-
gressive prostate tumor cell variants that have in-
creased capacity for chemoresistance and radioresis-
tance, androgen independence, and/or metastases.*”*!
Using a polarographic pO, electrode, groups at Prin-
cess Margaret Hospital and at the Fox Chase Cancer
Center have shown that intermediate-risk patients are
heterogeneous for intratumoral hypoxia.**** Further-
more, the level of hypoxia may predict for intrinsic
radioresistance after brachytherapy or EBRT.****
Gene or protein expression relating to tumor cell
apoptosis also has been tested as a predictive assay for
radiocurability. Pollack et al.*® have altered expression
of the antiapoptotic protein BCL-2 or the proapoptotic
protein BAX as independent biomarkers predicting for
bNED after radiotherapy alone. However, staining for

p53, BAX, or BCL-2 as potential predictive factors of
radiocurability remains controversial.****® This may be
due to small clinical sample sizes, differences in the
quantitation or timing of immunohistochemical end-
points, and variable clinical treatment parameters. Al-
ternate mechanisms of prostate cell death (e.g., mi-
totic catastrophe or terminal growth arrest) (see Fig. 1)
also could confound analyses that are focused solely
on apoptotic endpoints.*”*®

Other potential prognostic biomarkers relate to
cell proliferation (e.g., proliferating cell nuclear anti-
gen and Ki-67**°) or terminal cell growth arrest (e.g.,
p53, p21WAF, p16™¥*? senescence-associated B-ga-
lactosidase).>** The terminal arrest proteins are acti-
vated by lethal DNA damage during radiotherapy and
can correlate to clonogenic cell kill.*® Indeed, the loss
of p16™¥* expression within pretreatment prostate
biopsies predicted for an increased risk of local failure
and distant metastatic disease in patients with locally



advanced prostate carcinoma who were treated within
the RTOG 86-10 trial.>

Both gene expression profiling (e.g., DNA mi-
croarrays) and protein expression profiling (e.g., se-
rum or tumor proteomics) soon may “fingerprint”
those patients who harbor resistant disease on the
basis of these genetic and/or microenvironmental fac-
tors. The recent use of DNA microarrays associated
with robust bioinformatics has identified unique prog-
nostic gene clusters and specific biomarkers that are
independent of PSA, T classification, and Gleason
score.>? For example, the genes hepsin, MUCI, and
AZGP1 may be important new markers that can dif-
ferentiate between the least aggressive and most ag-
gressive prostate carcinomas. 53,54

Other studies using comparative genomic hybrld-
ization have characterized unique molecular identifi-
ers associated with Gleason score pattern 3 or 4.3
This may be useful in discerning the relative prognosis
for patients who have tumors with a Gleason score of
7 within the intermediate-risk category (e.g., Gleason
score 3 -+ 4 vs. 4 + 3), because it has been considered
traditionally that tumors with a higher component of
the 4 pattern indicate a worse prognosis.*”*® This in-
formation may help distinguish between truly aggres-
sive tumors and the effect of “Gleason score shift” over
the last decade. The latter shift or “creep” is the ob-
served phenomenon of migration of Gleason scores
upward associated with improved prognosis, most
probably due to increased rates of PSA screening and
altered pathologic scoring approaches.”*~% Improved
biologic prognostic factors, thus, are required to pre-
vent aggressive treatment based on a small compo-
nent of Gleason score = 4 (e.g., 3 + 4) that may not be
associated with an adverse prognosis.

Clinical Radiotherapy and Intermediate-Risk Prostate
Carcinoma

The success or failure of radical radiotherapy depends
on the daily proportionate killing of tumor clonogens,
which make up < 1% of the total population of cells
within a tumor.®® Both preclinical and clinical data
support a dose-response relation for prostate carci-
noma, in which increased killing of tumor clonogens
leads to increased local control.*>%1~%7 Currently, local
control of prostate carcinoma after radical radiother-
apy is inferred from postradiotherapy PSA kinetics
and/or PSA nadir values or by the absence of active
tumor within postradiotherapy biopsies.>**#%%%° we
now review the use of these endpoints and others to
appraise critically the use of dose-escalated EBRT or
conventional EBRT in combination with AD as thera-
peutic options for patients with intermediate-risk
prostate carcinoma.
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Clinical Outcomes after Dose Escalation for Intermediate-
Risk Prostate Carcinoma

Three comprehensive, systematic reviews of dose es-
calation for patients with localized prostate carcinoma
have been completed.” " These reviews summarize
the results from cohort studies and describe multiple
sources of bias inherent in the literature. Three im-
portant biases arise from the use of higher radiother-
apy doses as technology improves over time. Regard-
ing the first bias, many cohort studies report bFFS
using the ASTRO consensus definition. This definition
back-dates failure to the midpoint between the nadir
PSA and the first of three consecutive PSA rises."!
Because of this back-dating, the ASTRO consensus
definition favors cohorts with shorter follow-up,'#737
In addition, it has been shown on multivariate analysis
that “treatment year” (a surrogate for stage migration)
is a significant predictor of bFFS.”® Because the radi-
ation dose tends to track with treatment year, this
stage migration represents another bias that favors the
patients with shorter follow-up. The third bias relates
to Gleason score shift migration {see above). Pollack
and colleagues have shown, using a matched-pair
analysis, that upgrading of Gleason scores occurred
over the period 1992-1997 in an early and late cohort
treated with conformal radiotherapy. Over this period,
increasing numbers of tumors were upgraded to Glea-
son scores = 6-8. This led to an apparent improve-
ment in biochemical outcome for the most recent
cohort across all Gleason score groups.®® With these
caveats, for the endpoint of bFFS, Vicini et al. identi-
fied improved outcomes in patients with intermedi-
ate-risk prostate carcinoma who were treated with
dose-escalated EBRT.” Brundage et al., as part of the
Ontario Practice Guidelines process, also found con-
siderable evidence for the use of dose-escalated EBRT
(e.g., doses > 74 Gy) in the intermediate-risk group.”
Nilsson et al.,, using the principles adopted by the
Swedish Council of Technology Assessment in Health
Care, reached the same conclusion.”™ ‘

Kuban et al. reported the bFFS of a multiinstitu-

tional cohort of 4839 patients with T1 and T2 prostate
carcinoma who were treated with EBRT alone and
were followed for a minimum of 5 years.”® Their co-
hort included 2190 patients with intermediate-risk
disease. With a median follow-up of 6.3 years, the
authors observed a significant improvement in PSA
outcomes for patients who received doses > 72 Gy
compared with patients who received lesser doses
(e.g. 70% vs. 55% 5-year bFFS; P < 0.0001). Those
authors verified that differences in neither the dura-
tion of follow-up nor the treatment year had an im-
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pact on their finding that a higher total radiation dose
improved biochemical outcome.

The only definitive method for testing the hypoth-
esis of an EBRT dose-response relation in prostate
carcinoma is through prospective RCTs. In the RCT of
dose escalation reported by Pollack et al., the patients
with intermediate-risk prostate carcinoma (defined as
PSA > 10 ng/mL) who were treated with a dose of 78
Gy had improved 5-year bFFS outcomes compared
with patients who were treated with a dose of 70 Gy
(62% vs. 43% 5-year bFFS).” In the recently reported
RCT by Zietman et al. comparing 70.2 Gy equivalent
(GyE) (a combination of photons and protons) with
79.2 GyE in patients with low-risk and intermediate-
risk disease, there was a significant benefit from dose
escalation in the intermediate-risk group (78.7% vs.
60.5% bFES; note that the majority of patients in the
study had low-risk disease with Gleason scores < 6
and PSA < 10 ng/mL).*” Within the next few years,
other RCT data will become available to elucidate the
benefit of dose-escalation in EBRT for patients with
intermediate-risk prostate carcinoma.”®?

Toxicity Associated with Dose-Escalated Radiotherapy
The normal tissue toxicity associated with dose-esca-
lated EBRT also has been reviewed.®’® Significantly
worse rectal and bladder toxicity was reported by both
physicians and patients for the 78-Gy cohort arm
compared with the 70-Gy arm in the RCT by Pollack et
al.”"®! However, this largely has historic interest, be-
cause these patients were treated with suboptimal
radiation techniques compared with to today’s stan-
dards. With appropriate attention to dose-volume
constraints for the bladder and rectum, and with the
use of intensity-modulated radiotherapy (IMRT),
doses of > 80 Gy can be given safely to patients with
prostate carcinoma. For example, at a median follow-
up of 3 years, Zelefsky et al. found that RTOG Grade 3
rectal toxicity and bladder toxicity occurred in 0.8%
and 0.6% of patients, respectively.®*% However, cau-
tion should be exercised in interpreting toxicity data
with short follow-up. Late effects could continue to
increase beyond the 5-year mark, and there is great
interest in standardizing the approach to both the
recording and analysis of late toxicity at periods
> 5-10 years.®*® Indeed, analysis of late toxicity in the
second decade after combined photon and proton
prostate radiotherapy to 77.4 Gy suggests that, al-
though severe gastrointestinal toxicity is rare, genito-
urinary morbidity continues to develop well into the
second decade associated with high rates of posttreat-
ment hematuria.

Clinical Outcomes after Combined Hormonoradiotherapy
for intermediate-Risk Prostate Carcinoma.

An understanding of the interaction between AD and
radiotherapy during prostate carcinoma cell kill may
provide unique insights into the future role of AD as a
modifier of tumor cell radiosensitivity. Initially, it was
believed that the preclinical radiosensitization of pros-
tate xenografts observed with AD and large, single
radiation doses was secondary to increased radiation-
induced apoptosis.®” However, this was not confirmed
when AD was combined with more clinically relevant
fractionated irradiation protocols. Instead, the radio-
sensitization in vivo was correlated with increased
tumor cell growth arrest,*>*®#8-% In their preclinical
studies of AD plus radiation, Kaminski et al.”’ sug-
gested that AD may lead to delayed tumor regrowth
through both increased clonogen cell kill (see Fig. 1)
and/or a reduced growth rate of surviving clonogens.

These preclinical data support the clinical use of
AD plus EBRT in patients who harbor micrometastatic
disease at the time of diagnosis (in whom the meta-
static cells may be arrested permanently or signifi-
cantly by AD) or in patients with radioresistant tumors
that may be sensitized by adjunctive or concurrent
AD. A review of RCTs and subgroup analyses in which
AD was given concurrent with EBRT versus AD given
in an adjuvant setting suggests that concurrent AD-
EBRT synergistically improves local control in the
prostate and pelvis. This is consistent with a unique
biologic effect different from that of adjuvant AD given
post-EBRT, because the latter would impact solely on
systemic disease and would affect overall survival and
not local control.’**?

The RCT data presented in Table 2 show that
improvement in local control and/or disease-free or
overall survival can be achieved when AD is combined
with conventional-dose EBRT.*%2%93-96 The trials with
the greatest numbers of patients did not address com-
bined-modality therapy in the intermediate-risk
group. However, D’Amico et al.¥’ recently reported
improved survival in 206 patients who were treated
with 70 Gy plus 6 months of AD compared with pa-
tients who received 70 Gy alone (88% vs. 78%; P
< 0.04). Approximately 80% of those patients could be
classified with intermediate-risk disease. A number of
concerns have been raised concerning the trial, how-
ever, including the fact that the difference in survival
was based on only six prostate carcinoma-specific
deaths in the control arm, compared with no prostate
carcinoma-specific deaths in the experimental
arm.”®% Nonetheless, another study®™ showed im-
proved PSA-based outcomes using 64 Gy plus AD. In
that RCT, 70% of patients could be classified with
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TABLE 2
Trials of Radiotherapy Alone versus Combined Radiotherapy and Androgen Deprivation
Trial
RTOG 8531 (Pilepich RTOG 8610 EORTC 22863
Laverdiere et al,, et al,, 2003° and (Pilepich et al,, (Bolla et al., 2002 and
Measure D'Amico et al., 2004% 2004% Lawton et al,, 2004°%) 2001%) Bolla et al,, 1997%9)
No. of patients with ~ 163/206 (PSA = ~112/161 (T2 0/977 0/456 0/415

intermediate-risk disease
(definition)®

10-20 or GS = 7)

clinical stage)

Treatment arms 70 Gy vs. 70 Gy + 2 1) 64 Gy vs.
mos each NAD, 2)64Gy +3
CAD, and AAD mo NAD vs, 3)
64 Gy +3mo
NAD and 6 mo
CAD and AAD
Time of reported endpoints 5yrs 715
Local contrel N/A N/A

Biochemical control

66% vs. 79%

1) 42% vs. 2} 66%

(endpoint P = 0.001 P=10.009; 1)
(No AD for salvage) 42% vs. 3) 63%
P=10.003
(PSA < 1.5)
Disease-specific mortality 93% vs. 100% N/A
P=002
Overall survival 88% vs. 78% N/A
P=0.04

65-70 Gy vs. 65-70 Gy

65-70 Gy vs. 65-70

706Gy vs. 70Gy + 3yr

+1AD Gy + 4 mo CAD and AAD
NAD and CAD
10 yrs 8yrs 5 yrs
61% vs. 77% 58% vs. 70% 71% vs. 97%
P < 0.0001 P<0.02 P<0.001
9% vs. 30% 3% vs. 16% 45% vs. 76%
P < 06001 P < 0.0001 P < 0.0001
(PSA < 1.5) (PSA < 1.5) {PSA < 1.5)

17% vs. 22%

23% vs. 32%

6% vs. 21%

P = 0.005 P=10.05 P=10.0001
38% vs. 53% 44% vs. 53% 62% vs. 78%
P =0.004 P<01 P =0.0002

RTOG: Radiation Therapy Oncology Group; EORTC: European Organization for Research and Treatment of Cancer; GS: Gleason score; Gy: gray; NAD: necadjuvant androgen deprivation; CAD: concurrent androgen
deprivation; AAD: adjuvant androgen deprivation; 1AD: indefinite androgen deprivation; N/A: not available in reference.

2 PSA: prostate specific antigen {ng/ml}.

intermediate-risk disease. More recently, Dearnaley et
al.'® reported a nonsignificant trend toward im-
proved freedom from PSA failure in patients who were
treated with 74 Gy, rather than 64 Gy, after 3-6
months of neoadjuvant AD. The vast majority of pa-

tients in both arms in that trial had World Health
Organization Grade 2 pathology (68-77%; 5-15% of
patients had Grade 3 pathology), and 74-83% of pa-
tients had T2 or T3 tumors and median baseline PSA
values of 14-15 ng/mL. In that study, the 5-year actu-
arial control rates were 71% versus 59%, respectively
(P = 0.10); no survival data were reported at the time
of the current report.

Despite these recent data, two issues confound
current decision making with regard to the role of AD
in patients with intermediate-risk prostate carcinoma.
The first issue is that the largest randomized trials that
have shown a benefit to adjunctive AD (either neoad-
juvant or adjuvant) combined with EBRT largely have
been completed in patients with high-risk disease.
Thus, the conclusions from those trials may not be
applicable to all patients with intermediate-risk dis-
ease. The second issue is that many of these trials were
completed in the era of conventional-dose EBRT (e.g.,

doses < 74 Gy}, when long-term bFFS rates with EBRT
at these lower doses alone were approximately 40% in
patients with intermediate-risk disease.'®"1%?
Nonrandomized, single-institution series have re-
ported clinical outcome data regarding the role of AD
in addition to dose-escalated EBRT for patients with
intermediate-risk prostate carcinoma. Kupelian et
al.’®® reported on the treatment outcomes in a cohort
of 1041 consecutively treated patients with T1-T2
prostate carcinoma who were treated either with rad-
ical prostatectomy, EBRT, and brachytherapy (perma-
nent seed implantation) or with combined brachy-
therapy and EBRT. Seven hundred eighty-five patients
were treated with EBRT (484 patients received = 72 Gy
and 301 patients received > 72 Gy), and 143 of those
patients were given neoadjuvant AD for = 6 months.
Although AD was found to be a significant predictor of
biochemical outcome on univariate analysis for the
entire patient cohort, when the group of patients who
received = 72 Gy was excluded, it was no longer sig-
nificant (P = 0.91). Zelefsky et al. also reported in their
cohort of 772 patients (89% with T1-T2 disease;
treated with IMRT to a median dose of 81 Gy) that AD
appeared to have no influence on bFFS (median fol-
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low-up, 24 months).** Furthermore, a lack of benefit
(and a possible detrimental effect) of short-course AD
on 5-year metastasis-free survival or cause-specific
survival was reported by Martinez et al. in a large
retrospective review of 1260 patients who were treated
with combined EBRT and brachytherapy.'® Although
these studies do not represent RCT data, their uniform
findings suggest that the addition of AD to dose-esca-
lated EBRT may not be required to optimize biochem-
ical outcomes for patients intermediate-risk prostate
carcinoma.

The recent RCT by D’Amico et al. is promising.
Compared with the randomized trials of dose-escala-
tion alone that had similar control arms of 64-70 Gy,
only the study by D’Amico et al. showed a survival
benefit; and their study also had a greater number of
patients with intermediate-risk and high-risk dis-
ease.?’ Further data showing similar survival benefits
will be required before uniformly recommending AD
plus conventional-dose EBRT versus dose-escalated
EBRT for the intermediate-risk group. However, it is
conceivable that selected patients may benefit from
short-term AD plus dose-escalated EBRT if their tu-
mors have adverse features that reflect local radiore-
sistance and/or increased systemic spread.

Toxicity of Adjunctive AD
Long-term AD is the treatment of choice for patients
with high-risk prostate carcinoma on the basis of ran-
domized trials, which show a survival advantage.>%'%*
The physiological side effects of long-term AD are well
known and include anemia, sarcopeniam and osteo-
porosis.'**71% More relevant to the treatment of inter-
mediate-risk prostate carcinoma is the toxicity of AD
administration for a period of 3—6 months. Hot flashes
occur in approximately 80% of men.'® Decreased li-
bido, erectile dysfunction, and fatigue also are experi-
enced in the majority of treated men.''®'"! Reversible
depression and cognitive impairment also have been
linked to short-term use of hormones, but the corre-
lation is not consistent across all studies.!**1%¢

When patients were treated with a luteinizing hor-
mone-releasing hormone agonist and an antiandro-
gen as complete AD (CAD) therapy, a decline in he-
moglobin (Hgb) of > 1.0 g/dL was observed in 75% of
patients after 2 months.'*? D’Amico et al. studied bio-
chemical outcomes in a cohort of 110, mostly inter-
mediate-risk patients (and some high-risk patients)
treated with 6 months of CAD and radiotherapy.'*
Based on values taken prior to and 1 month after AD,
it was found that patients who had a drop in Hgb > 1
g/dL had significantly poorer biochemical outcomes
(median follow-up, 20 months)."** This finding is
somewhat unexpected, because patients with high-

risk prostate carcinoma have improved biochemical
outcomes with long-term AD (Table 2). However, the
Hgb effect is similar to that observed during radical
radiotherapy studies in patients with cervical carcino-
ma'** and head and neck carcinoma.'’®*® It is possi-
ble that the AD, which improves survival by control-
ling metastatic disease in high-risk patients, impairs
biochemical control by reducing local control in inter-
mediate-risk patients. This awaits a formal subgroup
analysis of the recent RCT of 6 months of CAD and
EBRT versus EBRT alone.” In the meantime, these
results suggest that caution is warranted when AD and
EBRT are used for the treatment of patients with in-
termediate-risk prostate carcinoma outside of the
context of a clinical trial.

The Future Relevant Clinical Endpoints for Future Clinical
Trials

Although overall survival and PCSM remain the gold
standards in determining the efficacy of new treat-
ment approaches, the natural history of prostate car-
cinoma necessitates prolonged observation periods to
identify these endpoints. PSA-based failure may not
always be a reliable surrogate for PCSM; because, in
some studies, up to 20% of patients who died after

- developing PSA failure died of nonprostate carcino-

ma-related causes.''” The use of “time to second PSA
failure” (or development of hormone-refractory dis-
ease) has been suggested as a potential surrogate end- -
point for PCSM in localized disease, but this observa-
tion has yet to be validated in multiple data sets.'*®
Reports of outcomes from trials of AD and EBRT
that use a biochemical endpoint face several chal-
lenges. With neoadjuvant AD, it is difficult to choose a
start point for follow-up that does not favor one arm
over the other in the short term. In addition, thereis a
period of recovery of testosterone after cessation of
the AD that may lead to a rising PSA profile. This is
particularly problematic for the ASTRO consensus def-
inition of bFFS and may lead falsely to the conclusion
that neoadjuvant-treated patients fail at a higher rate.
More recently, the groups of D’Amico et al. and Al-
bertson et al. suggested that the posttreatment PSA
doubling time can be a useful surrogate for
PCSM.31117.119 The rising testosterone profile seen in
patients after treatment with AD likely would generate
a falsely short PSA doubling time, rendering this mea-
sure difficult to interpret in AD-treated patients in the
short term. Future definitions of biochemical failure
that predict clinical failure better after radiotherapy
may supercede the currently used ASTRO defini-
tion.'?%!?! These include failure defined when the PSA
is greater than a current nadir + 2 ng/mL or 3 ng/mL
and dated at call (i.e., the failure date called when that
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Unreported Trials of Dose Escalation and/or Androgen Deprivation that Included Patients with Intermediate-Risk Prostate Carcinoma from the

MetaRegister of Controlled Trials®

Sample
Study Eligibility criteria® Treatment arms size
RTOG 9408 Tib-T2b and PSA = 20 75.6 Gy vs. 75.6 Gy with 4 mos of NAD and CAD 1980
EORTC 22991 T1b-¢ and either PSA = 10-50 or GS = 7; or T2a and PSA 70-78 Gy vs. 70-78 Gy with 6 mos of CAD and AAD 800
<50
PMH 9907 T1b-T2b, PSA = 4-20 and GS = 7-10; or T1b-T2b, PSA = 75.6-79.8 Gy vs. 75.6-79.8 Gy with 3 mos of NAA and 378
10-20 and GS < 6 2 mas of CAA
RTOG 9910 T1b-T4, GS = 2-6 and PSA 10-100; or T1b-T4, GS = 7 and 70.2 Gy with 2 mos of NAD and CAD vs. 70.2 Gy with 1540
PSA < 20; or Tib-Tlc, GS = 8-10 and PSA < 20 6 mos of NAD and 2 mos of CAD
MSKCC At Jeast 2 of: PSA > 10,GS > 7, or T4 86.4 Gy vs. 75.6 Gy with 2 yrs of NAD, CAD, and AAD 400
RTOG P-0126 T1b~12b, GS = 2-6 and PSA = 10-20; or T1b-T2b, GS = 7 70.2 Gy (39 fractions in 7.8 weeks) vs. 79.2 Gy (44 1520
and PSA < 15 fractions in 8.8 weeks)
MRC T1b-T3a and PSA < 50 64 Gy vs. 74 Gy 800
FCCC Tib-T3c and 1 of: PSA > 10, GS = 7, or Stage = T2b 76.0 Gy (36 fractions in 7.2 weeks) vs. 70.2 Gy (26 300

fractions in 5.2 weeks)

RTOG: Radiation Therapy Oncolagy Group; PSA: prostate-specific antigen; Gy: gray; NAD: neoadjuvant androgen deprivation; CAD: concurrent androgen deprivation; EORTC: European Organization for Rescarch
and Treatment of Cancer; GS: Gleason score; AAD: adjuvant andeogen deprivation; PMH: Princess Margaret Hospitak NAA: neoadjuvant antiandrogen; CAA: concurrent antiandrogen; MSKCC: Memorial

Sloan-Kettering Cancer Center; MRC: Medical Research Council; FCCC: Fox-Chase Cancer Center.
* vailable from URL: hutp: wavw.controlled-trials.com faccessed August 15, 2004].
b pSa: prostate specific antigen (ng/mb).

criterion was met'>'?%) or 2 consecutive rises of at
least 0.5 ng/mL beyond the nadir and back-dated.'?®
Based on a recent, multiinstitutional, pooled analysis
of 4839 patients, these latter definitions appear to
have increased sensitivity and specificity relating to
clinical and distant failure.'*° :

Studies of neoadjuvant AD with surgery have
shown significant reductions in the detection of
positive surgical margins without a long-term im-
provement in bFFS. This observation supports the
concept that AD alters the tissues and reduces the
ability of pathologists to detect disease at the surgi-
cal margin without eliminating viable, unresected
disease.’?* Similarly, AD and/or EBRT therapy ef-
fects on tissue histology can confound biopsy inter-
pretation and its role in predicting local con-
trol.19125:126 Eyrthermore, patients are reluctant to
undergo biopsies if their PSA profile is stable, and
clinicians are reluctant to insist on biopsies due to
perceived risks of infection, bleeding, or patient dis-
comfort. This may introduce a substantial bias in
the reporting of biopsy endpoints unless a large
proportion of similarly treated patients agree to un-
dergo posttreatment biopsies. Nonetheless, local
control, as assessed by prostatic biopsies 2-3 years
after radiotherapy, perhaps also stained for relevant
biomarkers (e.g., p21V4F, p16™**2 Ki-67), also may
provide relevant early endpoints for future trials of
AD plus dose-escalated EBRT.

Ongoing Trials in Intermediate-Risk Disease

A’search of the MetaRegister of Controlled Trials
(available from URL: www.controlled-trials.com [ac-
cessed August 15, 2004}) identified a number of ongo-
ing studies that involve intermediate-risk patients (Ta-
ble 3). The RTOG P-0126 and MRC trials are
investigating dose-escalation using conventional frac-
tionation schemes. The Princess Margaret Hospital
PMH 99-07 and the EORTC 22991 studies may provide
some answers regarding the usefulness of neoadju-
vant hormone therapy in intermediate-risk patients
treated with dose-escalated EBRT. Both the RTOG
studies, 94-08 and 99-10, use conventional doses of
EBRT and will not address the issue of the utility of AD
in the setting of high-dose EBRT. The Memorial Sloan-
Kettering Cancer Center study is comparing high-dose
EBRT alone with the use of necadjuvant AD and EBRT.
In the latter study, if an equivalent PSA-based out-
come is achieved in both arms, then the study may be
extremely useful for the radiobiologic calculation of
the radiation dose-equivalent cell kill achieved by the
addition of AD.

The Fox Chase Cancer Center study is comparing
moderate dose escalation with a hypofractionated reg-
imen. Recent analyses of clinical results have sug-
gested that the o/p ratio for prostate carcinoma is
approximately 1.5 Gy (much lower than the typical
value of 10 Gy for many other tumors) and, thus, is
comparable to or lower than the ratio of the surround-
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ing, late-responding rectal mucosa (i.e., an «/f ratio of
approximately 3 Gy'*"). The lower «/p ratio for pros-
tate carcinoma compared, with surrounding, late-re-
sponding, normal tissue, creates the potential for ther-
apeutic gain. Indeed, recent reports of protocols that
delivered 70 Gy with 2.5 Gy per fraction'?*'*® or 50 Gy
with 3.13 Gy per fraction'*® are consistent with bNED
rates of 60-80% and were associated with favorable
toxicity profiles. This may result in future combined-
modality trials using hypofractioned EBRT with or
without AD.

Molecular-Based Protocols for Intermediate-Risk Prostate
Carcinoma '
Information regarding the molecular signaling path-
ways that are activated after ionizing radiation has
increased exponentially over the last decade.’®' A
number of protein pathways have been associated
with tumor radioresistance, including intratumoral
hypoxia and the p53, RAS, epidermal growth factor
receptor (EFGR), vascular endothelial growth factor
receptor (VEGF), and phosphoinositide-3 kinase-
phosphatase and tensin homolog (PTEN)/AKT path-
Way3.35'36'132

The pretreatment assessment of biomarkers that
represent these signaling pathways may lead to the
appropriate choice of novel, molecular-targeted
agents to use in combination with EBRT. For example,
tumor cell kill as a result of terminal growth arrest
explains the slow kinetics of decreasing PSA values
and a final nadir occurring over a 12-16 month period
after EBRT for prostate carcinoma.®**® In light of this
finding, new treatment strategies that augment EBRT-
induced terminal growth arrest in vivo may be possi-
ble clinically using histone deactylase inhibitors or
retinoids.'®® These agents also may radioprotect nor-
mal tissues'®**?** and currently are being tested pro-
spectively in Phase I/11 trials."?%%

New molecular therapies that target p53, MDM2,
BCL-2, BAX, PTEN/AKT, RAS, or clusterin pathways
also hold promise for augmenting radiation-induced
tumor cell kill and improving local control.*%*38-149
Improved outcomes also may be achieved with the
use of hypoxia-targeted drugs in combination with
EBRT. Preliminary data suggest that the neoadjuvant
use of AD increases tumor oxygenation, which may be
another mode of radiosensitization for this combina-
tion.’*® Clinical interventions designed to improve ox-
- ygenation through direct hypoxic cell targeting or al-
tered angiogenesis are underway in other tumor sites
using a variety of agents (e.g., HIFI-« gene therapy;
tirapazamine; VEGF inhibitors, such as SU5416 or
SU6668; and cyclooxygenase-2 inhibitors) and could
be used in hypoxic subgroups of patients with inter-

mediate-risk disease.'®*'*® The recent success of the

EGFR inhibitors (e.g., cetuximab) as radiosensitizers in
head and neck carcinoma, leading to improved overall
survival with minimal excess toxicity, serves as an
excellent model for molecular-targeted EBRT ap-
proaches in future studies.'*®*

Conclusions and Recommended Management of
Intermediate-Risk Patients with Radiotherapy

The heterogeneity of intermediate-risk prostate carci-
noma presents a challenge to genitourinary oncology
in terms of prognosis and optimal management. Al-
though there is reasonable evidence that these pa-
tients benefit from dose-escalated EBRT or adjunctive
hormone therapy with conventional EBRT, to our
knowledge there is little evidence to date that these
patients uniformly benefit from adjunctive AD when
the total dose is > 74 Gy.

Currently, patients in the intermediate-risk group
should be entered into well designed, RCTs of com-
bined dose-escalation and AD of sufficient power to
answer the important questions raised by nonran- |
domized studies. These trials also should investigate
the optimal duration of hormone therapy. In addition,
they should be stratified by new prognostic markers
and should be accompanied by strong, correlative,
scientific endpoints that can address risk-group het-
erogeneity and potential predictive factors for local or
systemic recurrence.

With the advent of molecular profiling and the use
of tissue arrays that facilitate the simultaneous study
of thousands of genes or proteins within large patient
cohorts, clinicians soon will be able to acquire indi-
vidual pharmacogenomic and prognostic profiles for
use in the clinical management of patients. This likely
will lead to individualized treatment for patients with
intermediate-risk prostate carcinoma and will stimu-
late novel combined-modality protocols to decrease
local and distant failure in this diverse clinical prostate
carcinoma population.
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Cell death in irradiated prostate
epithelial cells: role of apoptotic
and clonogenic cell kill

GP Bromfield?, A Meng?, P Warde! & RG Bristow!-2*

| Department of Radiation Oncology, University of Toronto and the Ontario Cancer
Institute[Princess Margaret Hospital, University Health Network, Toronto, Ontario,
Canada; and ?Department of Medical Biophysics, University of Toronto, Toronto, Ontario,
Canada

Dose-escalated conformal radiotherapy is increasingly being used to radically
treat prostate cancer with encouraging results and minimal long-term toxicity, yet
little is known regarding the response of normal or malignant prostate cells to
ionizing radiation (IR). To clarify the basis for cell killing during prostate cancer
radiotherapy, we determined the IR-induced expression of several apoptotic- (bax,
bcl-2, survivin and PARP) and G1-cell cycle checkpoint- (p53 and p21WAFUCipl)
related proteins, in both normal (PrEC-epithelial and PrSC-stromal) and
malignant (LNCaP, DU-145 and PC-3; all epithelial) prostate cells. For these
experiments, we chose doses ranging from 2 to 10 Gy, to be representative of the
1.8-2 Gy daily clinical fractions given during curative radiotherapy and the
8-10 Gy single doses given in palliative radiotherapy. We observed that
IR-induced bax and p21WATVCiP1 protein expression were attenuated selectively in
normal stromal and epithelial cell cultures, yet maintained their p53-dependency
in malignant cell lines. For each cell culture, we also determined total apoptotic
and overall radiation cell kill using a short-term nuclear morphologic assay and a
long-term clonogenic survival assay, respectively. Clonogenic survival, as
measured by the surviving fraction at 2 Gy (SF2), ranged from 0.05 (PrEC) to 0.55
(DU-145), suggesting that malignant prostate cells are more radioresistant than
normal prostate cells, for this series. IR-induced apoptotic cell kill was minimal
(less than 6% cell after a dose of 10 Gy at times of 24-96h) and was not
dose-dependent. Furthermore, apoptotic kill was not correlated with either
molecular apoptotic response or clonogenic cell kill. Using a flow cytometric
proliferation assay with the PrSC (stromal) and DU-145 (epithelial) representative
cultures, we observed that a senescent-like phenotype (SLP) emerges within a
sub-population of cells post-irradiation that is non-clonogenic. Terminal growth
arrest was dose-responsive at 96 h following irradiation and associated with
long-term expression of both p21WAFVCiP1 and p16™K42 genes. Future strategies
for prostate radiotherapy prediction or novel treatments should additionally focus
on terminal growth arrest as an important endpoint in prostate cancer therapy.
Prostate Cancer and Prostatic Diseases (2003) 6, 73-85. doi:10.1038/sj.pcan.4500628
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Introduction

Dose-escalated (ie 76 —80 Gy) radiotherapy is an important
treatment option for men with intermediate-risk prostate
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cancer who present with T1 or T2 disease, a Gleason score
greater than 6 out of 10 and serum prostatic specific antigen
(PSA) values in the order of 10-20pg/ml! Successful
radiotherapy results in a gradual decline of the serum
PSA over 12-24 months following treatment where a PSA
nadir of less than 1.0 pug/ml predicts for 5 year, long-term
local control.2 With three-dimensional conformal (3D-CRT)
or intensity-modulated (IMRT) radiotherapy treatment pro-
tocols, 5 year PSA-free relapse rates are approximately 75—
85% and associated with minimal late toxicity (less than 5%
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with Radiotherapy Oncology Group (RTOG) Grade 3-4
rectal or bladder damage).?

Yet these same data predict that 15-25% will not
achieve local control following radical radiotherapy,
thought in part to be due to the intrinsic radioresistance
of prostate cancer cells secondary to genetic (eg apoptosis,
cell-cycle or DNA-repair-related gene expression) or
microenvironmental factors (eg hypoxia or altered
growth factor expression).® The success of radiation ther-
apy in prostate cancer treatment is therefore dependent
on the eradication of all prostate tumor clonogens (ie
tumor stem cells, estimated to be less than 1% of cells

“within a tumor), which are select tumor cells capable of

unlimited proliferative potential. Failure to eradicate this
particular population will result in the regrowth of the
tumor following treatment.* Despite many advances
towards understanding prostate carcinogenesis, little
work has been published to date relating the mode of
clonogenic cell kill following DNA damage in either
normal and malignant prostate epithelial cell cultures.
This information is important in defining new strategies
to augment prostate cancer cell kill and understand the
kinetics of cell kill following radiotherapy (in comparison
to decreasing PSA value kinetics in vivo) and may allow
optimal interpretation of post-radiotherapy biopsies as a
secondary measure of local tumor control.

Apoptosis plays an important role in the death of both
normal prostate and androgen-dependent malignant pros-
tate tissue following androgen withdrawal, leading to a
decrease in either glandular or tumor volume, respec-
tively. This is supported by the observation of rapid
apoptosis following castration in the rat prostate
glands>® (a response lacking in mice deficient in expres-
sion of the pro-apoptotic gene, bax?) and in patients
treated with androgen-withdrawal therapy for locally
advanced or metastatic prostate cancer.® The relationship
between androgen ablation and apoptosis has led to a
number of clinical studies that have attempted to deter-
mine whether local failure following radical radiotherapy
is secondary to genetic factors that control radiation-
induced apoptosis. However, taken together, clinico-
pathologic studies that have attempted to correlate altered
expression of the p53, p21WAFI/CiPl bax, bcl-2 and caspase
apoptosis-related genes and radiocurability have been
inconclusive.®!° This may be due to small clinical
sample size, differences in the quantitation or timing of
immunohistochemical or gene expression endpoints,!-12
variable clinical treatment parameters, or perhaps due to
alternate mechanisms of prostate cell death that confound
analyses focused solely on apoptotic endpoints.

Recent data has supported the hypothesis that apopto-
sis may not be the dominant mode of cell death following
radio- and chemotherapy in stromal (ie fibroblast) and
epithelial tissues.*>'* Indeed, it has been suggested that in
these and selected tumor models, apoptosis may actually
occur in a non-clonogenic population following DNA
damage.’51® Alternatively, a permanent cell-cycle arrest
or senescence-like terminal growth arrest may also be a
factor in determining prostate cell death following radio-
therapy.’” Markers of senescence, such as senescence-asso-
ciated f-galactosidase (SA f-gal) activity and permanently
elevated levels of p21WAF1/Cpl and p16'NK4 are actively
under investigation as biomarkers of terminal growth
arrest in human tumors.'’® Chang and co-workers!®
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observed that a number of DNA-damaging agents
(including ionizing radiation) could induce a senescence-
like phenotype (SLP) in 11/14 cell lines tested. Other
laboratories!® and reviews have outlined a number of
considerations regarding radiation-induced cell-death,
including cell-type dependency in defining the dominant
mode(s) of death (ie apoptosis, mitotic-linked death and
reproductive death (SLP)/necrosis).?® An improved
understanding of death processes has been afforded by
novel flow cytometric methods to detect terminally-
arrested tumor cells following drug treatment,’%20 and
ascertain their relative morphology and clonogenic
potential.

The purpose of the current study was to examine the
mode(s) of prostate cell death in vitro following exposure
to ionizing radiation to possibly refine clinical biomarkers
for prediction of radiotherapeutic response and suggest
future treatment strategies. Apoptosis, proliferation and
clonogenic survival were assessed in a panel of cell lines
comprised of both normal (stromal-PrSC and epithelial-
PREC) and malignant (LNCaP, DU-145, PC-3; all epithe-
lial) cultures, to determine the overall cellular response.
We demonstrate that apoptosis is not the dominant mode
of cell kill in this panel of cell cultures post-IR. Instead,
data on selected cell lines supports the concept that long-
term proliferative arrest relates to clonogenic radiation
cell killing in vitro.

Materials and methods

Cell culture

All cell cultures were incubated in vented tissue culture
flasks under 5% CO, and 37°C culture conditions. LNCalP
cells (a gift from L Chung, University of Virginia) were
maintained in T-media (Gibco-BRL) and supplemented
with 10% FCS. PC-3 and DU-145 cells were purchased
from ATCC and maintained as suggested in Ham’s F12K,
and alpha-Modified Eagles Medium respectively, supple-
mented with 10% FCS and 2mM L-glutamine. PrEC
{normal prostate epithelial cells) and PrSC (normal pros-
tate stromal cells) were purchased from Clonetics and
maintained as per suggested protocol in PrEGM media
and SCGM media, without testosterone supplementation,
respectively. Both cell cultures have limited lifespan and
proliferative potential in culture according to the supplier
and we have consistently observed decreased growth
rates following passage 5 in vitro for both cultures.
Immortalized myc-infected Rat-1 HO15.19 fibroblast
cells (a gift from Dr L Penn, OCI/PMH?!) were main-
tained in Dulbecco’s H21 media supplemented with 10%
FBS. Cultures were maintained without testosterone sup-
plementation to ensure that radiation survival studies
were completed under similar conditions in normal and
malignant prostate cultures and as previous experiments
have determined that exogenous testosterone may not
always alter apoptotic responses, clonogenic survival or
IR-induced p21WAF!/Cipl expression and cell arrest in
androgen-sensitive cells (] Tsihlias, personal communica-
tion?22%) Approximate doubling times for cell cultures
under these conditions were as follows: PrEC, 36-48h
(highly variable); PrSC, 18h; LNCaP, 36h; PC-3, 24h;
DU-145, 18 h; Myc-expressing Rat-1HO15.19, 16 h.
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Logarithmically growing cells were rinsed with PBS/
HBSS, trypsinized for 5min at 37°C, and then were
seeded at appropriate densities for colony formation in
six-well dishes (Nunc). Asynchronous cultures were irra-
diated 16-20h post-plating to reduce the immediate
effects of trypsinization and such that the multiplicity
index was less than 1.1.%* At least two dilutions of cells in
triplicate were used for each dose point for any given
individual experiment. At least three independent clono-
genic radiation experiments were completed for each cell
line. Plated cells were either mock irradiated or irradiated
with 0-10Gy under aerobic conditions using a '¥Cs
irradiator at ~1Gy/min at room temperature. Plates
were then incubated at 37°C for 7-14 days depending
on cell doubling time in vitro and re-fed every 4-5 days
before fixation and staining (methylene blue/50% metha-
nol) of resulting colonies (aggregates of greater than 50
cells were scored as a colony). Radiation survival was
calculated as the plating efficiency of treated cells divided
by the plating efficiency of untreated cells and plotted as a
function of dose on a semi-logarithmic plot as previously
described.?* We were unable to derive colonies at doses
greater than 2Gy in the LNCaP and PrEC cell cultures
due to poor plating efficiencies, and therefore only SF2
values are presented for these cultures. For a given cell
culture, there was no correlation between the SF2 values
and plating efficiency amongst individual experiments,
although mean SF2 values were increased in cell lines
which exhibited increased plating efficiency, as reported
in the literature (ie DU-145 and PC-3).32!

Western blotting

Logarithmically-growing cells were irradiated and lysed
on ice for 20min with E7 lysis buffer as previously
described.?* Protein quantification was performed deter-
mined using a commercial Pierce-BCA assay kit to derive
a mean concentration value based on three assays per
lysate. SDS-PAGE was performed using 7-12% bis—
acrylamide (29:1) gels with a 4% stacking gel run in a
Novex X-cell semi-dry Mini Cell western blotting appa-
ratus at room temperature. Each well was loaded with
20 pg of total protein plus loading buffer (final concentra-
tion 1x —6% glycerol, 0.83% B-mercaptoethanol, 1.71%
Tris-HC1 pH 6.8, 0.002% Bromophenol Blue) after boiling
for 3min. Samples resolved by electrophoresis at 80—
110V for 1.5-2.5h were transferred onto nitrocellulose
overnight at 14 V/4°C or for 1.5h at 24 V/room tempera-
ture in transfer buffer (75mM glycine, 10mM Tris, 20%
methanol). For selected blots, pre-hybridization staining
with Ponceau S confirmed equal loading and transfer
between running lanes.

To detect protein, membranes were blocked in TBST/
0-10% low fat milk and then exposed to the primary
antibody 2-4h at room temperature constant rotation.
Membranes were then rinsed with TBST and exposed to
the appropriate secondary antibody for 1h under similar
_conditions, rinsed again with TBST, once with 10x TBS
and finally incubated in Amersham ECL chemilumines-
cence solution for 1min. Membranes were exposed to
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Hyperfilm ECL from AmershamPharmacia and analyzed
by densitometry (Molecular Dynamics Computing
Densitometer, ImageQuant Mac version 1.2). Primary
antibodies used in these studies included: p53-mouse
monoclonal (Santa Cruz Bp53-12, 1:3000); p21WAFL-
mouse monoclonal (Oncogene Ab-1, 1:3000); Bax-rabbit
polyclonal (Santa Cruz N-20, 1:1000); Bcl-2-mouse mono-
clonal (Santa Cruz 509, 1:500); PARP-mouse monoclonal
(BioMol SA-249, 1:1000), survivin-rabbit polyclonal
(Alpha Diagnostics SURV11, 1:5000), and ple!NKéA
mouse monoclonal (Oncogene Ab-1, 1:1000).

Assays for apoptotic cell death

Radiation-induced apoptosis was quantified on the basis
of distinct nuclear morphology and associated apoptotic
bodies based on a previously standardized immunofluor-
escence protocol (Hoechst 33342 staining).2¢ For the
morphology assay, logarithmically growing cells were
re-plated at appropriate densities in triplicate and
mock/irradiated with 0, 2, 10 or 20Gy. These were
scored for apoptotic morphology (ie apoptotic bodies
and nuclear condensation—see sample in Figure 2a) at
periods of 24-96h following irradiation. Total adherent
and floating cells in each culture were fixed and stained in
4% formalin-PBS/10 pM Hoechst 33342 DN A-specific dye
for 30 min at RT. Cell counts to evaluate any cell loss/lysis
into culture media were also performed at each time
point. All experiments utilized Rat-1 HO15.19 cell line
as positive control for gamma-irradiation induced apop-
tosis (L Penn, personal communication and Lee ef al?5).

Radiation survival in proliferating and
non-proliferating irradiated cultures: the
CFDA-SE flow cytometry proliferation assay

To determine if permanent arrest is associated with
decreased clonogenic survival, a modification of the pro-
tocol by Chang et al'® utilized the CFDA-SE (CFSE)
fluorescent dye.?%2¢ The CFSE compound (Molecular
Probes, C-1157) is distributed throughout the cellular
membranes and is divided evenly amongst subsequent
progeny based on division of equal volumes of mem-
brane at cell division. Multiple rounds of cell division are
therefore represented by a corresponding decrease in total
membrane fluorescence within a proliferating population,
which can be detected by flow cytometry. Analyzing cell
populations for relative fluorescence (FL1 (CFSE) para-
meter; increased non-proliferating cultures) and increas-
ing side-scatter (SSC parameter; due to increased
granularity associated with senescent cells) allows for
flow cytometric analysis of senescent-like populations
post-treatment.

Sub-confluent flasks of cells were trypsinized, collected
and centrifuged into a pellet and 5 x 10° cells were re-
suspended in 1ml serum-free media plus 1pl of stock
solution (5M CFSE in DMSO) at 37°C for 10 min with
occasional inversion. Ice-cold RPMI 1640 4+ 10% FBS was
then added prior to a subsequent cell centrifugation, and
finally the cells were re-suspended in PBS. The cells were
further washed twice in PBS, re-plated at low density
(approximately 10% confluence) into multiple, 175cm?

75

Prostate Cancer and Prostatic Diseases




Death in irradiated prostate epithelial cells
GP Bromfield et al

Falcon flasks for next-day irradiation (0-10Gy). As a
control, all cells (floating and adherent) from one
untreated flask were harvested one day post-plating
and analyzed with flow cytometry to find baseline fluor-
escence (FLI(CFSE)) intensity. Remaining cultures were
followed until day 5 when all cells (floating and adherent)
were harvested, analyzed and sorted by FACS into ‘non-
proliferating’ (FL1(CFSE)"SSCM), and ‘proliferating’ (ie
all cells other than FL1(CFSE)MSSCM) populations to
determine clonogenic potential within each population.
The 5 day time point was initially chosen as it represents
the point at wbich surviving cells would begin to show
their colony-forming ability.® Sorted populations of
DU-145 and PrSC were used to derive colonies in each
sub-group as examples of epithelial and stromal
(ie fibroblast-like} models. Pre-sort samples ‘were ana-
lyzed on a BDIS FACScan analyzer and samples sorted
using either a Becton Dickonson Immunocytometry
system FACStarPLUS or BDIS FACS Vantage system.
BDIS CELLQuest Software version 3.3 was used for
both sorting and analysis. Cell lysates from adherent
and floating cells in parallel cultures treated similarly
(stained, irradiated with 0, 2 and 10Gy) were also har-
vested on days 5-9, and analyzed for expression of the
pl6NK4a and p21WAF! genes. Cultures were also stained
for senescence-associated f-galactosidase (SA f-gal) using
the method of Chang ef al,'® as a complementary biomar-
ker of senescence-like death.

Results

Gene expression of apoptosis-related genes
within irradiated prostate cell cultures

As different laboratories may contain variants of original
cell stocks, we initially determined the p53 status of the
malignant prostate epithelial cell lines using full-length
DNA sequencing of exons 1-11 of the p53 gene. Con-
sistent with previous reports, LNCaP cells were found to
express two wild-type (WT) alleles, whereas the PC-3
cells were devoid of p53 protein expression due to
chromosome 17p hemizygosity and a mutation in the
remaining allele at codon 138 which results in a prema-
ture stop codon at position 169. The DU-145 cells express
mutant (MT) p53 protein due to mutations at codons 223
and 274. We observed that the level of bax protein
expression is pb3-dependent following IR, given the
increased expression in the WTp53-expressing LNCaP
cells at 24h following 10Gy. This molecular response
was attenuated, or absent, in the remaining PC-3 and
DU-145 malignant epithelial cell lines, which have altered
p53 protein expression. Of note, despite the western blots
shown in Figure 1b, bax expression is detectable in
DU-145 cells, albeit at a very low level. The response
was also attenuated within the normal epithelial and
stromal cultures (see Figure 1a, b and Table 1). Bcl-2
protein levels were low, yet detectable, using our anti-
body, and remained unchanged in all cell cultures follow-
ing 10Gy for periods up to 24h following radiation
(see Figure 1c, d). In other experiments in our laboratory,
the relative levels of bax and bcl-2 protein have been
confirmed at the mRNA level by RNA protection analyses
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(R Fan and RG Bristow, manuscript in preparation). The
IAP-related protein, survivin, has been suggested to be a
prognostic indicator in a variety of cancers, presumably
due to its influence on cellular apoptosis and G2 phase
cell cycle control?” and reported differential upregulation
in malignant tissues, relative to normal tissues.?® In vitro,
endogenous survivin levels were observed to be detect-
able in all of the cell cultures within our series (normal
and malignant), and were invariant following irradiation
(Table 1) except for a slight (1.6-fold) increase in PrSC.
Subsequent experiments have revealed lower levels of
survivin in PrEC cultures than in their stromal and
malignant counterparts. v

Terminal apoptotic transduction involves altered
expression and cleavage of the caspase family of proteins
and the PARP protein?% Other laboratories have
reported that caspase 1 and 3 protein expression can be
deficient in some of our malignant cell lines.3! In our
experiments, analysis for PARP cleavage revealed that,
although we detected an increase in the characteristic -
89KkD a apoptotic-related PARP protein fragment in our
highly apoptotic Rat-1 HO15.19 cell line, there was no
such change in any of the five prostate cell cultures at 24 h
following a dose of 10Gy (data not shown). Our results
(summarized in Table 1) suggest that gene and protein
expression related to terminal apoptosis-defining events
following IR is not consistent with observations made for
other cells (eg lymphocytes or thymocyctes), which are
classically more susceptible to radiation-induced apopto-
sis; however we recognize that the molecular apoptotic
and morphologic (see below) response of our cell panel
may be variable, depending on type of cell stress and
drug treatment.

Minimal evidence of apoptotic cell death
in irradiated prostate cultures

We next determined the level of radiation-induced apop-
tosis following various doses (2—-20Gy) and time points
(0-96h post-IR) using a.distinct nuclear morphology
assay (see Figure 2a) as previously described.?* A dose
of 10 Gy has been shown to decrease clonogenic survival
by 3 logs or more, in other malignant cell lines. The highly
apoptotic adherent Rat-1 HO15.19 cell line formed a
positive control for IR-induced apoptosis in these experi-
ments and irradiated cultures were observed to contain
decreasing numbers of cells over 24—96 h consistent with
a rapid induction of cell death (data not shown). The level
of apoptosis in Rat-l HO15.19 control following 20 Gy
became difficult to quantify at 24 h due to a large amount
of cellular debris and may be underestimated, as pre-
sented in Figure 2b. The apoptotic response of our pros-
tate cell panel at times of 24-96h following 10Gy as
determined by morphology is presented in Figure 2b, and
reveals that neither normal nor malignant prostate cells
undergo high levels of apoptosis at any time point up to
96h (a time at which the earliest colonies indicative of
clonogenic survival can be detected). Additionally, careful
total cell counts of adherent and floating cells within all
the irradiated cultures suggested that there was no
decrease at any time point up to 96h in total cell
number, which ruled out underestimating apoptotic
responses (data not shown). Moreover, in contrast to the
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Figure1 Western blot analyses for apoptotic-related protein expression pre- and post-irradiation, in a panel of normal and malignant prostate cell cultures:
(a) bax protein expression in normal prostate epithelial (PrEC) and stromal (PrSC) cell cultures; (b) bax protein expression in malignant prostate cell cultures
(Rat-1 HO15.19 cell-lysate shown as positive control); (c) bcl-2 protein expression in normal prostate cell cultures; (d) bcl-2 protein expression in malignant
prostate cell cultures (human bcl-2 transfected Rat-1 fibroblast lysate shown as positive control).

Table 1 Apoptosis- and cell cycle-related gene expression in
prostate cell cultures 24h post-10Gy irradiation, as compared to
mock-irradiated controls

p53 p21 bax bcl-2 survivin

Normal

PrEc N 1 < « o
PrSc " 11 < < o
Malignant

LNCaP 1 m il © ©
PC-3 nd.* Low® © © s
DU-145 D nd. nd. nd <

*n.d., non-detectable. “Low, barely detectable, no change post-XRT; « less
than 2-fold change; 1 greater than 2-fold increase; 11 greater than 4-fold
increase (quantified using relative densitometry).

Rat-1 HO15.19 Myc-expressing control, there was no
evidence for a dose-dependent increase in apoptosis
in our panel of cultures (2Gy range=0-1%, 10Gy
range=0-6%, 20 Gy range =0-3%; see Figure 2c).

We observed a trend towards increased levels of apop-
tosis among the malignant cell lines as compared with the
normal cell cultures, although these relative differences
were not consistent. The data presented using the in vitro
morphology assay was also supported by the absence of
an apoptotic sub-G1?° peak within DNA histograms of
irradiated PC-3, DU-145 and LNCaP cells using flow
cytometry, the lack of apoptotic morphology post-IR of
the same cells as analyzed by the COMET DNA-damage
assay,>? and minimal TUNEL staining of the PC-3 cell line
either in vitro or in vivo (growing as a xenograft im., in a
nude mouse host) following irradiation (data not shown).
These results suggest that cellular apoptosis is not a major
mechanism of IR-induced prostate cell death under the
culture and treatment conditions used in this study.
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Figure 2 IR-induced apoptosis in normal and malignant cell lines:
(a) nuclear morphology of selected cell populations stained with Hoechst
33342 at 48k following 10 Gy showing evidence of apoptotic bodies and
chromatin condensation in cells denoted with white arrows: left panel,
irradiated LNCaP cells; right panel, irradiated RAT-1 HO15.19 positive
control cells (magnification 1000 ); (b) time course of IR-induced apop-
tosis following a dose of 10 Gy (ench bar represents the mean and s.em.);
(c) dose-dependence of IR-induced apoptosis assayed at 48 h (error bars
omitted for clarity in three-dimensional plot).
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Figure 2 (Continued).

Molecular analysis of checkpoint
control in prostate cells

The p53 status in normal and malignant cells can be
functionally related to either apoptosis or a G1 and G2
cell cycle arrest or checkpoint, and dependent on cell
type, level of DNA damage or cell stressor.333¢ We there-
fore confirmed the presence or absence of a molecular
p53-dependent G1 checkpoint in the normal and
malignant prostate cells by determining the IR-induced
upregulation of the cdk-inhibitory protein, p21WAF1/Cipl,
Following IR-induced DNA damage, the p53 protein
is stabilized post-transcriptionally, by alternate
phosphorylation of its amino terminus at serine residues
15 and 20 through both direct and indirect actions of the
ATM protein. Stabilized p53 protein can then lead to a
transcriptional upregulation of the p21WAF1/Cipl protein,
which inhibits the G1 cyclin-cdk kinase complexes, and
results in a G1 arrest secondary to hypo-phosphorylation
of the pRB (retinoblastoma) protein. An increased level of
p53 protein was observed following irradiation in all
WTp53-expressing prostate cells and peaked at 2-6h
following IR-treatment (Figure 3). As expected, we
observed a lack of p53 protein expression in irradiated
null-p53 PC-3 cells and elevated endogenous levels of p53
protein in the MTp53-expressing DU-145 cells (consistent
with a longer half-life for the MTp53 protein; Figure 3b),
which were invariant post-IR. The PrEC and PrSC normal
cultures both showed similar stabilization of the p53
protein relative to a-tubulin levels following irradiation.
However, in the PrSC cells, the p21WAF1/GP! Jevels were
upregulated and sustained at 24 h; in the PrEC cells, the
response was relatively attenuated in level and was
duration reaching almost pre-irradiation levels at 24h
(Figure 3a). We failed to observe an increase in
p21WAFL/Cipl expression in the MTp53-expressing and
null-p53 cell lines (DU-145 and PC-3 respectively),®
however the WTp53-expressing LNCaP cell line did
show a strong IR-induced upregulation of p21WAF!/Cipl,
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Figure 3 Western blot analysis of p53 and p21"AF1CirT protein expression in (a) normal, and (b) malignant prostate cultures following 10 Gy irradiation.

The p53 and p21WAFI/CiPl protein expression results
were correlated fo relative mRNA levels under similar
culture conditions using RNA protection analyses in
separate experiments (R Fan and RG Bristow, manuscript
in preparation). These data support the idea that p53 can
induce a molecular G1 checkpoint in both normal and
. malignant prostate epithelium, but highlights previous
observations that, in certain normal epithelial cultures,
p21WAFI/Cipl expression may be attenuated relative to
stromal cultures® in a tissue-specific manner. This may
relate to relative control of cell-cycle related checkpoint
and carcinogenesis in these two tissues.?”

SF2Gy and clonogenic survival for normal
and malignant prostate cultures

Colony-formation after DNA damage measures the long-
term survival of cells that are capable of unlimited pro-
liferation and summarizes all types of IR-induced modes
of cell death including apoptosis, mitotic-linked death
(death after two or three aborted divisions followed by
apoptosis or necrosis) and permanent growth arrest lead-
ing to necrosis.3* Consistent with selected reports,383 full
clonogenic survival curves could not be generated for our
LNCaP cell line, due to poor plating efficiencies, which
made determination of colony-formation at doses greater
than 2Gy difficult. We encountered similar difficulties
with PrEC normal epithelial cultures, which also had a
poor plating efficiency (0.1-1%). Nonetheless, for all cell
lines we were able to generate radiation survival data
after a low, clinically relevant dose of 2Gy (SF2), which
approximates the daily fraction of radiation within cura-
tive radiation protocols. Full clonogenic survival curves
following doses up to 10Gy (a dose approximating a

single-fraction palliative treatment) were derived for the
PC-3, DU-145, PrSC and Rat-1 HO15.19 cell cultures and
the results are plotted in Figure 4a. The SF2 values for all
cell cultures are shown in Figure 4b. The normal stromal
and epithelial cultures were the most radiosensitive based
on SF2 values, even though they had the lowest levels of
IR-induced apoptosis at similar doses. Furthermore, the

apoptotic kill response in the DU-145 and Rat-1 HO Myc .

cell lines was quite disparate, despite similar clonogenic
survival (see Figure 2b,c). We observed that the DU-145
and PC-3 cell lines with altered p53 status were more
radioresistant than the WTp53-expressing LNCaP cell
line. However, defined experiments with prostate cell
lines that are isogenic save for p53 status are required
before concluding that p53 status correlates with radio-
sensitivity in prostate cancer cells. In summary, we have
observed that the overall level of apoptosis was not
correlated to the overall level of clonogenic cell survival
in our panel of cell lines. Plotting the relative cell kill
following 2 and 10Gy based on the two endpoints in
Figure 4c illustrates the discrepancy between the resuits
of two assays.

Permanent arrest in irradiated prostate cells

Given that apoptosis was not a dominant mechanism for
clonogeriic cell kill, we next investigated the contribution
of terminal growth arrest associated with senescence-
associated markers to clonogenic survival using both a
representative stromal culture (PrSC cells), and a
representative epithelial culture (DU-145 cells). The
choice of these two cultures was predicated on the need
for cell lines which would readily form colonies following
flow cytometric sorting procedures at 2 and 10Gy and to
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Figure 4 Clonogenic survival data for normal and malignant prostate
cultures: (a) full clonogenic radiation survival curves for PrSC, DU-145
and PC-3 and highly-apoptotic Rat-1 HO15.19 cell cultures {each point
represents a geomeltric mean of three to five independent experiments
plotted with associated geometric s.e.m.). (b) Surviving fraction following
2 Gy (SF2 values) with associated s.e.m. of normal and malignant prostate
cell cultures. (c) Direct comparison of mean quantitative data for apoptotic
and clonogenic kill following either 2 Gy (upper panel) or 10 Gy (lower
panel).
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maximize the tissue-specific and genetic differences relat-
ing to propensity for senescence, clonogenic cell kill and
G1 checkpoint control.

Using a flow cytometric assay that simultaneously
determines relative levels of FL1-CFSE fluorescence (ie
proliferation) and SSC-parameter (cell granularity), we
determined that up to 87% of the PrSC population was
non-proliferating with an associated increased granula-
rity (FL1(CFSE)MSSCHM) at 5 days, following a dose 10 Gy
of radiation. In similarly plated cultures, only 14 and 8%
showed the same cytometric profile in 2Gy-treated
or control cultures; these relative proportions being
consistent over two or three representative experiments
(Figure 5a, ¢). By comparison, only 32% of DU-145 cells
had a senescent-like cytometric profile, although upon
closer inspection the data suggest that the vast majority
(ie greater than 70%) of DU-145 cells were actually non-
proliferating, but that these cells were inconsistently
associated with increased granularity when compared
with stromal PrSC cells (compare CFSE-fluorescence axis
in both cell lines following 10Gy in Figure 5). The
FLI(CFSE)™SSChM  cytometric profile was determined
for 5% of DU-145 cells following 2Gy and 3% in the
untreated DU-145 population (Figure 5a, b; note that
cells not growth-arrested following 2Gy or in non-
irradiated cultures may have undergone multiple
rounds of division by this point differentially increasing
the total ‘proliferating’ population). We then sorted and
plated cells from the senescent-like, non-proliferating
population relative to the remaining cells and observed
that relative colony forming ability (plating efficiency)
was decreased in the FLI(CFSE)YSSCH (‘non-proliferating”),
SLP population in a dose-responsive manner (see Table 2).

In normal fibroblasts (ie stromal cells), cells undergo
decreasing proliferative potential with increasing passage
in vitro, until finally undergoing senescence associated
with increased granularity, positive SA f-gal staining and
upregulation of the p21WAFI/GPl and p16INK42 proteins.
Similar changes occur in normal fibroblast cultures when
exposed to IR and has been referred to as a ‘premature IR-
induced senescence’ 4042 Although we observed greater
SA f-gal staining intensity in an increased number of
PrSC stromal cells following a dose of 10Gy (see
Figure 6a), we found the endpoint to be highly variable
across all cell lines and difficult to quantitate in epitheljal
cells (further data not shown; noted by others*®). Whether
upregulation of one or both genes is absolutely required
for senescence and whether the process is p53-dependent
in all cell types remains controversial.

In order to determine whether similar gene expres-
sion changes occurred in PrSC and DU-145 cells, we
performed western blot analyses of cell populations
obtained in parallel with flow cytometric experiments at
day 5. These analyses showed high, IR-invariant levels of
p16'NK4a protein in both PrSC and DU-145 cultures and a
dose-dependent increase in p21WAFY/CP1 Jevels in PrSC
cells only (Figure 6b; confirmed using densitometry). We
also analyzed p16™K4 expression in all of the cell cul-
tures at 24h following 10Gy. In this case, levels of
pl6/™NK4a were either invariant (PrEC, LNCaP, DU-145)
or undetectable (PrSC, PC-3) as confirmed by relative
densitometry (data not shown). Long-term (up to 9
days) analysis of pl6'NK4 expression post-10Gy irra-
diation DU-145 and PrSC demonstrated increasing
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Figure 5 Frequency histogram of FL1 fluorescence parameter (ie CFSE wvital dye fluorescence) for (a) PrSC (left) and DU-145 (right) at 5 days post-
irradiation following doses of 0 (control, mock-irradiated), 2 and 10 Gy. Shown is a representative experiment with total cell population analyzed for each
dose. (b) Two-dimensional plots of FLI(CFSE) fluorescence intensity vs SSC (side scatter-granularity) for total cell numbers in mock irradiated and
irradiated flasks of cells (see text for details) for PrSC (top) and DU-145 (bottom). Note increasing FLI(CFSE)" $SC" fractional sub-population
(represcenting a senescent-like phenotype) with increasing dose; similar cytometric data was observed in all replicate experiments. These populations as shown
were sorted using flow cytometry to determine relative colony forming ability as tabulated in Table 2.

expression with time (data not shown), suggesting a time-
dependent, though not dose-dependent, expression of
p16!NK42 We conclude that cells within a terminally
arrested population that have increased cellular granular-
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ity (SLP) are incapable of forming colonies and that the
sub-population of proliferating cells without associated
increased granularity defines the colony-forming poten-
tial of the entire irradiated culture.
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Table 2 Relative colony forming ability within FLI(CFSESSCM (non-
proliferating) and proliferating populations, as sorted by flow cytometry at day

5 post-irradiation

Number Plating Plating
Cell . Dose of cells efficiency efficiency
type Gy) plated (proliferating) (non-proliferating)
PrsC 0 100 0334034 0.034+0.02
2 1000 0.06+0.03 0.01+£0.01
10 1000 0.0040.00 0.00£0.00
DU-145 0 100 0.414+£0.35 0.15+0.14
2 1000 0.22+0.17 0.01+0.01
10 1000 0.01+£0.00 0.00+0.00
"Mean values and associated s.e.m.
g Discussion
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Figure 6 Sencscent biomarkers in prostate cell populations: (a) example of
negative (left) and positive (right) SA f-gal staining in non-irradiated and
irradiated PrSC cultures respectively, at 120 h following a dose of 10 Gy; (b)
western blot analysis of p16!NK and p21WAFNCIT protein expression in
entire PrSC and DU-145 cultures at day 5 following irradiation.
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This is the first report, to our knowledge, documenting
the relative role of apoptosis and terminal growth arrest
as factors in determining overall clonogenic radiation cell
survival for a panel of normal and malignant prostate cell
cultures within the same laboratory setting. Using clini-
cally relevant radiation doses, we observed a strong
molecular apoptotic response in certain cell lines (bax
and p53 upregulation in LNCaP cells, post-IR), yet this
response did not correlate with quantitative determina-
tions of apoptosis using morphology endpoints. The
apoptotic response was not dose-responsive and did not
correlate with final clonogenic cell kill. Further support
for our data are the observations that manipulation of the
ceramide-sphingomyelin and bcl-2-associated apoptotic
pathways, or androgen ablation, can increase the apopto-
tic responses of prostate cells without altering final clono-
genic radiation survival (K Shim and RG Bristow,
unpublished observation???34%). Many groups have
indicated that apoptosis may be the primary mode of
death following gamma-irradiation only in specific cell
types such as hematopoetic or lymphocytic cells, but not
in stromal- or epithelial-derived tissues.1644-47 Further-
more, many attempts to alter apoptotic indices in epithe-
lial- and stromal-derived tissues have failed to affect
clonogenic survival. This suggests that, although the
apoptotic pathway is intact in malignant prostate cells,
other death mechanisms may override this response
following irradiation. ;

It has been suggested that epithelial cell G1 checkpoint
may be abrogated or less efficient than that of its stromal
counterpart, despite wild-type p53 status. Girinski et al*®
found an abrogated p21WAFI/CPl jnduction and Gl
checkpoint in a panel of normal prostate epithelial cells
as compared to a panel of normal prostate stromal cells
following ionizing radiation. Meyer et al*® reported simi-
lar findings for mammary epithelial vs stromal tissues.
Within the same group, Romonov et al*° observed an
abrogated response to replicative crisis in the mammary
epithelial cells suggesting a global defect in epithelial
response to stress in comparison to its stromal counter-
part. Our own experiments illustrated that, even for
similar levels of p53 induction/stabilization, the
p21WAF1/Tip1 response in PrEC is greatly attenuated in
comparison to its stromal counterpart. While the p53/
p21WAFL/Cipl regponses for our panel of malignant cell
lines were as previously reported, the LNCaP cell line’s




strong p21WAF1/Cipt induction is still surprising in light of
its epithelial nature. Girinski et al®¢ suggested that epithe-
lial cell response might be partially dependant on inter-
actions with surrounding stromal tissues.37°951 LNCaP
cells may have altered characteristics such that it does not
require this interaction for a strong p21WAFI/Cirl jnduc-
tion following irradiation. Furthermore, studying G1
arrest alone may not be sufficient, since cells lacking a
functional G1 checkpoint can exhibit a G2 delay that may
be linked to DNA repair®? and cellular survival following
radiation®® Indeed, although our results suggest
increased survival for cells which lack the G1 checkpoint,
defined studies in isogenic tissue culture or solid tumor
models which differ in p53 status and specific G1, S and
G2 checkpoint control experiments are required to
prove this hypothesis, and are part of a current research
program.!!

The success or failure of radical radiotherapy depends
on the daily proportionate killing of tumor clonogens,
which make up less than 1% of the total population of
cells within a tumor. For example, it has been estimated
that each gram of tumor contains approximately 1 x 10°
tumor cells, with approximately less than 1 x 107 cells
having clonogenic capacity. To date, no formal test or
data exists for the pre-treatment determination of the
number of clonogens existing prior to prostate radio-
therapy. One can estimate that for a radiotherapy
protocol using 35-40 fractions of 2Gy, the clonogenic
SF2 value should be less than 0.60 (ie death after 35
treatments =0.6°=1.7 x 10~%) to cure a 1g tumor
assuming equal killing per radiotherapy fraction.® Our
data suggests that the SF2 in vitro is less than 0.6 for the
cell lines tested. However, the effective SF2 may be higher
in vivo, due to cell - cell interactions, hypoxia, altered gene
expression or cell cycle phase during irradiation® and the
relative importance of these factors remains to be deter-
mined in radiotherapy cohorts. Our observed in vitro
radiosensitivity of normal epithelial and stromal cultures
in vitro may explain the observation of glandular atrophy,
fibrosis and decreased glandular function observed in
prostate glands following irradiation. Exquisite sensitivity
of normal epithelial cells may also explain why final post-
therapy nadir PSA values in patients who achieve local
control are lower than the PSA values in men without a
diagnosis of prostate cancer, reflecting residual normal
gland function after IR-induced cell kill.>

In our experiments, relative clonogenic cell kill was app-
roximated by quantitative endpoints of a dose-responsive
terminal growth arrest, in which certain cells acquired a
senescent-like phenotype. Terminal growth arrest, rather
than apoptosis, may begin to explain the slow kinetics of
decreasing PSA values following radiotherapy over 1216
months following treatment.? Recent experiments by
Pollack and colleagues?>55 are consistent with our data,
as the supra-additive radioresponses observed in LNCaP
and Dunning rat R3327-G tumor models following com-
bined androgen withdrawal and fractionated radiation
(mimicking clinical stage T3-T4 prostate cancer treatment
protocols which increase overall patient survival).>® were
secondary to factors which determined post-treatment
cellular growth arrest rather than apoptosis.

If a surrogate measure of radiation sensitivity was deve-
loped to use prior to, or early during, the course of radio-
therapy, specific measures could be used to increase
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radiocurability or abort radiotherapy altogether in favor

of radical prostatectomy (if medically feasible). Crook et al>
found that markers of proliferation (PCNA, MIB-1) in post-
radiotherapy biopsies from 498 men were an independent
indicator of treatment failure, but indeterminate biopsies do
occur which complicate interpretation as to whether viable
clonogenic cells remain 2-2.5y following radical radio-
therapy. Our data suggests that other surrogate predictive
factors might include molecular or cellular senescence or
cell cycle arrest factors, such as the cdk inhibitors, p21WAF
or p16!NK4a that are activated by DNA damage and lead to
altered proliferation and terminal growth arrest.

At present, no predictive test can determine which cells in
the tumor are prostate clonogens rather than non-clonogens,
however we believe that terminal growth arrest should be
further investigated as a major mechanism of cell death in
addition to apoptosis, in protocols that utilize radiotherapy.
If proven to be important in prostate cancer, the former
mechanism of cell death might be augmented in vivo using
radiotherapy in conjunction with inhibitors of prostate
cancer cell proliferation such as retinoic acid, antisense to
cdk inhibitors, inhibitors of telomerase, or inhibitors of
histone deactylase (HDAC).5> Indeed these agents are
currently being prospectively tested as single agents or in
combination with chemotherapy in phase I/II trials; our
results suggest further studies of the efficacy of these agents
in combination with radiation as a novel prostate treatment
strategy are necessary.
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ABSTRACT

Together with cell cycle checkpoint control, DNA repair plays a pivotal
role in protecting the genome from endogcndus and exogenous DNA
damage. Although increased genetic instability has been associated with
prostate cancer progression, the relative role of DNA double-strand break
repair in malignant versus normal prostate epithelial cells is not known. In
this study, we determined the RNA and protein expression of a series of
DNA double-strand break repair genes in both normal (PrEC-epithelial
and PrSC-stromal) and malignant (LNCaP, DU-145, and PC-3) prostate
cultures. Expression of genes downstream of ATM after ionizing radia-
tion-induced DNA damage reflected the p53 status of the cell lines. In the
malignant prostate cell lines, mRNA and protein levels of the Rad51,
Xree3, Rad52, and Rad54 genes involved in homologous recombination
were elevated ~2- to 5-fold in comparison to normal PrEC cells. The
XRCC1, DNA polymerase-f8 and -8 proteins were also elevated. There
were no consistent differences in gene expression relating to the nonho-
mologous end-joining pathway. Despite increased expression of DNA
repair genes, malignant prostate cancer cells had defective repair of DNA
breaks, alkali-labile sites, and oxidative base damage. Furthermore, after
ionizing radiation and mitomycin C treatment, chromosomal aberration
assays confirmed that malignant prostate cells had defective DNA repair.
This discordance hetween expression and function of DNA repair genes in
malignant prostate cancer cells supports the hypothesis that prostate
tumor progression may reflect aberrant DNA repair. Our findings sup-
port the development of novel treatment strategies designed to reinstate
normal DNA repair in prostate cancer cells.

INTRODUCTION

The genetic determinants of prostate tumor progression are still
poorly understood (1). However, numerous models of prostate carci-
nogenesis suggest that increasing chromosomal instability with the
acquisition of mutations and chromosomal aberrations drives progres-
sion from preneoplasia to neoplasia (2). Furthermore, increased levels
of chromosomal aberrations can be associated with decreased te-
lomere length in high-grade prostatic intraepithelial neoplasia, and
acquired centrosome dysfunction is associated with prostate cancer
progression and dissemination (3, 4). Human cells have therefore
evolved complex signaling responses to both endogenous and exog-
enous DNA damage to preserve genomic integrity. Tumor progression
in a number of epithelial malignancies has been associated with the
sequential loss of function of genes that normally protect against DNA

Received 5/10/04; revised 8/17/04; accepted 9/28/04.

Grant support: United States Army Department of Defense Prostate Program
IDAMDI7-01-1-0110 (A-10308)], Canadian Foundation for Innovation. and the G.H.
Woods and PMH Foundations (R. G. Bristow).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

Note: R. Fan and T. 8. Kumarave! contributed equally to this work; T. S, Kumaravel
is currently at the Genetic and Molecular Toxicology, Covance Labs Limited, Otley Road,
Harrogate HG3 2XQ, United Kingdom. Supplementary data for this article can be found
at Cancer Research Online (http:/fcancerres.aacrjournals.org).

Requests for reprints: Robert G. Bristow. Radiation Medicine Program. Princess
Margaret Hospital (UHN), 610 University Avenve. Room 5-923, Toronto. Ontario,
Canada M3G2M9Y. Phone: 416-946-2129; Fax: 416-946-4586; E-mail: rob.bristow@
rmp.uhn.on.ca.

© 2004 American Association for Cancer Research.

damage. For example, in response to DNA double-strand breaks, the
ATM (ataxia telangiectasia mutated) protein is activated and stabilizes
the p53 tumor suppressor protein. This leads to the up-regulation of
pS53-dependent genes (e.g., p2/WAF, Bax, and Gadd45) and post-
translational modifications of the CHK2, BRCAI, and NBS! proteins.
These act together to induce G, S, and G, cell cycle arrest; DNA
repair; and/or activation of cell death pathways (e.g., apoptosis, mi-
totic catastrophe, or terminal growth arrest) depending on the cellular
context (5-7).

Defective DNA repair as a determinant of prostate cancer progres-
sion has not been extensively studied. Several groups have observed
defective mismatch-repair in prostate cancer cell lines (8, 9). Other
data support DNA polymorphisms in the Xrccl, Oggl, and DNA
polymerase-f3 genes (involved in base excision repair or DNA single-
strand break repair) as risk factors for prostate cancer (8, 10, 11).
However, data are lacking concerning the homologous recombination
and nonhomologous recombination (i.e., end-joining) pathways, which
are involved in the repair of DNA double-strand breaks.

Nonhomologous end-joining repair requires little or no homology
on the ends of the strands being joined and involves two main discrete
repair protein complexes (1): the DNA-PK/XRCC4/LiglV complex
and (2) the MRE1 I/RADS50 complex (12). In homologous recombi-
nation, extensive homology is required between the region of the
DNA double-strand break and the sister chromatid or homologous
chromosome from which repair is directed. Homologous recombina-
tion involves the BRCA2, RADS5 !, RAD52, RADS4, RADS5-57, and
RPA proteins and the RADS| paralogs, XRCC2/3 and RAD51B/C/D.
The homologous recombination pathway predominates in the late
S/G, phases of the cell cycle and provides relatively error-free repair.
In contrast, the nonhomologous end-joining pathway predominates in
the G, phase of the cell cycle (13). Recent data suggest an interplay
between the two pathways dependent on cell type and initial versus
late times after induction of DNA double-strand breaks (11). Cells
defective for either homologous recombination or nonhomologous
end-joining show increased rates of mutagenesis and chromosomal
instability, which could relate to the propensity for acquired genetic
instability during prostate carcinogenesis and tumor progression. Con-
sistent with a possible role for DNA double-strand break repair in
prostate cancer progression, BRCAI and BRCA2 mutations are asso-
ciated with an increased risk of prostate cancer and development of an
aggressive disease course (2. 13—15).

Our laboratory has shown previously that normal and malignant
prostate cells preferentially respond to DNA damage by undergoing
terminal growth arrest rather than apoptosis (16). This may allow for
attempted DNA repair during cell cycle arrests as a response to DNA
damage. However, in malignant cells with aberrant cell cycle check-
point control, defective DNA double-strand break repair could in-
crease gernetic instability as part of a “mutator” phenotype (17). We
hypothesized that one of the critical steps in prostate tumor progres-
sion may be the loss of the normal repair response to DNA damage
and that specific defects in DNA double-strand break repair would be
associated with prostate malignancy.

Herein, we show that malignant prostate cancer cells have increased
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expression of homologous recombination-related and base excision
repair-related genes independent of p53 status. G, cell cycle check-
point control, and relative cell proliferation. However, despite ex-
pressing high levels of DNA repair proteins, malignant cells have a
decreased capacity for DNA double-strand break, DNA single-strand
break, and base excision repair and acquire discrete chromosomal
aberrations after exposure to DNA-damaging agents. Our findings
support inappropriate DNA repair as a potential determinant of pros-
tate cancer progression.

MATERIALS AND METHODS

Prostate Cell Cultures and DNA-Damaging Treatments. All of the cell
cultures were incubated in vented tissue culture flasks under 5% CO, and 37°C
culture conditions as described previously (16). LNCaP cells were maintained
in T-media (Life Technologics, Inc., Gaithersburg. MD) and supplemented
with 10% fetal calf serum. PC-3 and DU-145 cells were purchased from
American Type Culture collection (Manassas, VA) and supplemented with
10% fetal calf serum in Ham’s F12K or a-Modified Eagles Medium, respec-
tively. PrEC (normal prostate epithelial cells) and PrSC (normal prostate
stromal cells) were purchased from Clonctics Corporation (San Diego, CA)
and maintained using suggested PrEGM and SCGM medium. respectively.
The latter cell cultures have limited proliferative potential in culture and
decrease in proliferation after passages 5 to 8 from frozen stock. Approximate
doubling times for cell cultures under these conditions were as follows: PrEC,
48 to 72 hours; PrSC. 18 hours; LNCaP, 36 hours; PC-3, 24 hours; and
DU-145, 18 hours (16).

Asynchronous cultures were irradiated, or treated with mitomycin C, at 16
to 20 hours after plating to reduce the immediate effects of trypsinization. Cells
were either mock irradiated or irradiated with 0 to 10 Gy under aerobic
conditions using a '¥’Cs irradiator at ~1 Gy/min at room temperature (16).
Mitomycin C was prepared as a stock solution of 0.5 mg/mL in distilled water
before each use.

Quantification of Gene Expression by RNase Protection Assays. Asyn-
chronously growing cclis were harvested at 70% to 80% growth confluence
from either nonirradiated cultures or at 0 to 24 hours after irradiation. RNase
protection assays were carried out as per the manufacturer’s instructions (BD
Sciences-PharMingen, San Dicgo. CA). Total RNA was first extracted using
Trizol reagent (Life Technologies, Inc.). Antisensc riboprobes (Rad50, Mrell,
Rad52, Rad54, Rad51, Xrce2, Xree3, Rad51B, Rad51C, Rad5SID, L32 and
Gapdh from DBSRI set; Amn, Nbsl, Xrce2, Xree3, Xrce9, Ligase 1V, Xrced,
Ku70, DNA-PK,,, Ku86, L32, and Gapdh from DBSR2 set; and Bcl-x, p53,
Gadd45, c-fos, p21™*", Bax, Bel-2, Mcl-1, L32, and Gapdh from HSTRESS
set) were synthesized with multiprobe template sets and purified by MAXIs-
cript (Ambion Inc., Houston, TX). Five micrograms of sample RNA were
hybridized with 2,000 counts per minute of the synthesized multiriboprobe in
a single tube with 10 mL hybridization buffer and digested with RNase
centrifuged before acrylamide electrophoresis at 1200 to 1500V for 1 to 2
hours. The gel was then dried at 80C® for 1 hour, and the counts per minute
values of the individual bands on the gel were counted using a Storm 840
Phosphorimager (Amersham Biosciences. Piscataway, NJ). The statement
level of the Gapdh gene was used as an internal control for relative statement
levels of other individual genes calculated as a ratio (i.e., the observed total
volume for the target gene divided by the volume of Gapdh). Three different
RNA extracts were analyzed in triplicate for each cell line. The results of three
independent experiments are expressed as the mean value =1 SEM. Statistical
differences in gene expression were determined using nonparametric Mann-
Whitney analyses.

Western Blot Analyses for Relative Expression of Homologous Recom-
bination, Nonhomologous End-Joining, and Base Excision Repair Pro-
teins. Logarithmically growing cells were either mock-irradiated or irradiated
and subsequently lysed on ice for 20 minutes with E7 lysis buffer (PBS. 0.1%
SDS, and containing protease inhibitors; Roche Molecular Biochemicals,
Indianapolis, IN) for Western blotting as described previously (16). SDS-
PAGE was performed using 7% to 12% bis-acrylamide gels at room temper-
ature. Each well was loaded with 20 pg of total protein plus loading buffer
(final concentration 6% glycerol, 0.83% B-mercaptocthano!, 1.71% Tris-HCI
(pH 6.8), and 0.002% bromphenol blue). Samples were resolved by electro-

phoresis at 80 to 110 volts for 1.5 to 2.5 hours and then transferred onto
nitrocellulose (Schleicher & Schuell Bioscience, Keene, NH). Prehybridization
staining with Ponceau solution confirmed equal loading and transfer between
running lanes. After transfer, membranes were rinsed with Tris-buffered saline
Tween-20, incubated in appropriate secondary antibodies, and protein bands
were detected using ECL Detection Reagent (Amersham BioScience) before
film exposure. Relative expression was determined by densitometry (Molec-
ular Dynamics Computing ImageQuant, Amersham Sciences) and standard-
ized by o-tubulin levels. Primary antibodies were used at dilutions ranging
from 1:200 to 1:1,000 as suggested by the supplier and included the following:
p21%*F RADSI1, RNase protection assay, and a—tubulin (Oncogene Research
Products, San Diego, CA); RAD530, NBS! (p95), XRCC3, RADSIC, and
RADS1D (Novus Biologicals, Inc., Littetown, CO), KU70, RAD52, RADS4,
KU86. DNA polymerase-f3, and APE/REF| (Santa Cruz Biotechnology, Santa
Cruz, CA); XRCC1 (Abcam, Cambridge, United Kingdom); PARP (Biomol,
Plymouth Meeting, PA); DNA polymerase-3 (BD Biosciences, San Diego,
CA); MRE!1 (Genetex, San Antonio, TX); and phospho-H3 (Upstate Tech-
nologies, Waltham, MA). Relative protein expression among PrSC, LNCaP,
DU-145. and PC-3 cells was normalized to PrEC expression (e.g.. arbitrary
relative value of one). The Western blots shown are representative of at least
two independent experiments.

Single-Cell Gel Electrophoresis (Comet Assay) to Detect DNA Strand
Breaks and Base Damage. Repair of DNA double-strand breaks, DNA-
single-strand brecaks, DNA base damage, and repair of formamidopyrimidine-
DNA glycosylase-sensitive sites was quantitated using the Comet assay as
previously described (18, 19; www.cometassay.com). For the neutral comet
assay, 10 and 25 Gy doses were used; for the alkaline comet and formami-
dopyrimidine-DNA glycosylase-comet assays, a dose of 6 Gy was used. For
the determination of DNA double-strand breaks by the neutral comet assay,
~10° cells were admixed with 100 pL of 0.7% of low melting-point agarose
(Sigma-Aldrich, St. Louis, MI) at 45°C and spread on regular glass microscope
slides precoated with 1% normal melfing agarose. Slides were then treated
overnight with lysis solution [2.5 mol/L NaCl, 100 mmol/L EDTA, 10 mmol/L
Trizma base, 10% DMSO. and 1% Triton X-100 (pH 9.0)] at pH 9.0. The
slides were then placed in 1X Tris-butfer boric acid-EDTA and electrophore-
sed for 15 minutes at 32V (current ~25mA). After electrophoresis, the slides
were dried and stored until scoring. The slides were finally stained with
ethidium bromide (2 ng/mL) and the comets scored under a Zeiss fluorescence
microscope coupled to KOMET 3.0 software (Kinetic Imaging, Durham, NC).
The alkaline comet assay detects alkali-tabile sites in the DNA, which are a
global assessment of DNA single-strand breaks, DNA double-strand breaks,
and DNA base damage. In brief, cells were suspended in 0.5% low melting-
point agarose and spread on glass microscope slides precoated with 1% normal
agarose. After immersion in lysis solution (2.5 mol/L. NaCl, 100 mmol/L
EDTA, 10 mmol/L Trizma base, 10% DMSO, and 1% Triton X-100) at 4°C for
1 hour to remove cellular proteins, the slides were immersed in electrophoresis
buffer [300 mmol/L, NaOH, | mmoVl/L EDTA (pH >13)] for unwinding DNA.
Finally, single cells were subjected to electrophoresis (25 V; 300 mA) for a
total of 20 minutes. Neutralized and dehydrated slides were finally stained with
ethidium bromide (2 ng/mL; Sigma-Aldrich) before scoring.

Repair of DNA base damage was scored by treating the DNA with a
lesion-specific glycosylase (formamidopyrimidine-DNA glycosylase). This
enzyme recognizes oxidative damage as specific DNA base modifications
including 8-ox0-7.8-dihydro-2'-deoxyguanosine, 7-methyl-guanine, 5-OH-
cytosine, and 5-OH-uracil. Cells were suspended in 0.5% low-melting point
agarose and spread on glass microscope slides precoated with 1% normal
agarose. Slides were immersed in lysis solution (2.5 mol/L NaCl, 100 mmol/L
EDTA, 10 mmol/L Trizma base, 10% DMSO, and 1% Triton X-100) at 4°C for
a minimum period of 1 hour and then equilibrated with enzyme reaction buffer
(HEPES 9.5g, KCI 7.5 g, and EDTA 0.5 mmol/L). Bovine serum albumin
fraction V was then added [0.2 per mL (pH 8.0)] for 10 minutes on ice. The -
slides were finally treated with formamidopyrimidine-DNA glycosylase en-
zyme (obtained from Dr. Karel Angelis, Institute of Experimental Botany,
Praha, Czech Republic; 1:100 dilution in enzyme reaction buffer) at 37°C for
30 minutes in a moist box. The enzyme treatment was terminated by dipping
the slides in denaturing solution [0.3 mol/L NaOH and 5 mmol/L. EDTA (pH
12.1)} for 20 minutes, followed by neutralization in 1X Tris-buffer-boric
acid-EDTA for 5 minutes and, finally, electrophoresis. The ratio of DNA
migration between the enzyme treated and buffer control slides gives an
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estimate of the formamidopyrimidine-DNA glycosylase sensitive sites in the
sample.

For all of the comet assays, the comet parameter. “*Olive Tail Moment” (i.e.,
% DNA X distance of center of gravity of DNA) was used as the indicator of
DNA damage (19). Onc hundred consecutive cells were scored at random from
the middle of each slide for two to three independent experiments and the final
result expressed as the (mecan of the median Olive Tail Moment val-
ues) * SEM of the medians. For graphical purposes in the formamidopyrimi-
dine-DNA glycosylase assay, the difference between the Olive Tail Moment
for formamidopyrimidine-DNA glycosylase-treated slides versus the Olive
Tail Moment of same population treated with buffer alone were plotted as the
final end point of formamidopyrimidine-DNA glycosylase-sensitive sites. Sta-
tistical differences in Olive Tail Moment values were determined using non-
parametric Mann-Whitney analyses.

Chromosomal Aberration Assays. The frequency of spontancous, ioniz-
ing radiation-induced (4 Gy) or mitomycin C-induced (40 ng/mL for 24 hours)
chromosomal aberrations were determined in exponentially growing cell cul-
tures of PrSC. LNCaP, DU-145, and PC-3. The cells were harvested by
trypsinization 24 hours after treatment and incubation with 1 ug of Colce-
mid/mL for 2 hours to collect metaphase spreads for analysis. The cells were
fixed, after treatment with hypotonic solution (0.6% sodium citrate), in EtOH-
glacial acetic acid (3:1). Air-dried preparations were made and slides were
stained 4, 6-diamidino-2-phenylindole/Vectashicld antifade mixture (Vector-
Laboratories, Burlingame, CA). For chromosomal aberrations, 25 mitotic cells
were analyzed for each treatment per cell line.

Immunohistochemistry of Prostate Xenografts. For xenograft studies,
1 % 10% of PC-3 or DU-145 cells were injected i.m. into the gastronemius
muscle (calf of hind leg) of Balb/c-nu mice. Tumors were mock-irradiated or
irradiated at a weight of 0.5 g with 20 Gy using a 250KvP X-ray unit without
anesthesia. For irradiation, the mouse was lightly restrained in a lucite holder
box with lead shielding. such that only the tumor-bearing hind leg was within
the irradiation volume. Tumors were then excised and placed immediately in
formalin for subscquent fixation and immunostaining using primary RADSI
antibodies (Ab-1, Oncogene Research Products, San Dicgo, CA) and second-
ary horseradish peroxidase antibodies for immunodetection. All of the studies
were in ethical compliance with the PMH-UHN Animal Care Committee.

RESULTS

Gene Expression Relating to Afm-p53 DNA Damage Pathways
in Prostate Cell Cultures. To initially test the utility of RNase
protection assays in quantifying gene expression in our panel of two
normal (PrEC-epithelial and PrSC-stromal) and three malignant
(LNCaP, PC-3, and DU-145) prostate cell lines, we first quantitated
ionizing radiation induction of genes associated with the Atm-p53
DNA damage signaling cascade. We have reported previously the
apoptotic and G,-checkpoint responses in these cell cultures (16). All
five of the cell cultures undergo minimal and nondifferential apoptosis
(<5%) after doses of up to 20 Gy (measured 12-96 hours after
ionizing radiation); yet the three malignant cell lines have the highest
clonogenic survival (i.e.,, mean SF2Gy values ranging from 0.40 to
0.55 relative to the values for PrSC and PrEC at 0.25 and 0.10,
respectively).

PrSC, PrEC, and LNCaP cells express two wild-type p53 alleles
and have an intact G, cell cycle arrest checkpoint with increased
p2I™AF protein expression after irradiation. PC-3 cells are devoid of
p53 protein expression due to chromosome 17p hemizygosity and a
mutation in the remaining allele at codon 138 that results in a prema-
ture stop codon at position 169. DU-145 cells express high levels of
trans-dominant, mutant (MT) p53 proteins due to missense mutations
at codons 223 and 274. Both latter cell lines lack a G, checkpoint and
do not show increased p21¥AF protein expression afler DNA damage
(15). Using the RNase protection assay analyses at 4 hours after 10
Gy, we observed increased expression of p21™**, Gadd45, Bax, and
Bcl-2 genes in the WTp53-expressing cells (i.e,, PrSC, PrEC, and
LNCaP), whereas similar increases in gene expression were not ob-

served for the null-p53 and MTp53-expressing, PC-3 and DU-145
cells (see Fig. IA and B).

The RNase protection assay also confirmed a previous observation
that the relative up-regulation of p21"*" in PrEC epithelial cells was
attenuated in comparison to PrSC stromal cells (16). Neither Atin nor
P53 RNA was increased after irradiation, consistent with post-trans-
lational modification as the basis for activation of these proteins (6).
Furthermore. the level of p53 RNA in PC-3 (null for p53) was at
background. These results confirmed previous p2/™*” expression
data from our laboratory for the same cell lines (16). We also con-
firmed a dose- and time-dependent (i.e., maximal induction at 4-6
hours after ionizing radiation) induction of both RNA and protein
relating to p21"*" in the LNCaP cell line (Fig. 1B inset and data not
shown). We conclude that the RNase protection assay is a sensitive
indicator of gene expression under the conditions of DNA damage and
repair within our panel of prostate cell cultures.

Expression and Functional Assessment of DNA Double-Strand
Break and DNA Single-Strand Break Repair Proteins in Prostate
Cultures. The initial data relating to the Am/p53 stress response
provided confidence in the use of RNase protection assay for quan-
tification of gene expression relating to the nonhomologous (nonho-
molo-gous end-joining) and homologous recombination pathways of
DNA double-strand break repair. We observed a significant and
differential increase (approximately 2-3 fold) in homologous recom-
bination associated genes (i.e., Rad5!, Rad54, Xrce3, and Rad52) in
malignant prostate cell cultures at both the RNA and protein levels
when compared with PrEC cells (see Fig. 2). Gene expression relating
to the MRN complex (Mrel1/Rad50/Nbs1-p95) was not differentially
expressed. We also found little evidence for increased basal mRNA or
protein expression of the nonhomologous end-joining-related Ku70,
Ku80,- DNA-PKcs, XRCC4, or Ligase 1V genes (see Fig. 3A and data
not shown). We observed elevated levels of the DNA single-strand
break repair protein XRCCI in malignant cultures (Fig. 34). In
contrast to a previous report (20), homologous recombination and
nonhomologous end-joining gene expression at both the RNA and
protein levels was invariant after irradiation (Fig. 2A and data not
shown). We conclude that the endogenous expression of the homol-
ogous recombination-related Rad51, Rad52, Rad54, Xrcc3, and Xrccl
genes are increased at RNA and/or protein levels in malignant prostate
cell lines.

We next compared the panel of cell cultures for their relative ability
to repair DNA double-strand breaks, DNA single-strand breaks, and
alkali-labile sites using the Comet assay under neutral or alkaline lysis
conditions (Fig. 3B and C). Despite similar amounts of initial DNA
damage, the malignant cultures had significantly decreased capacity in
repairing ionizing radiation-induced DNA damage. These data sug-
gest that despite high levels of homologous recombination-related and
XRCC1 proteins, malignant prostate cells are defective in the rejoin-
ing of DNA double-strand breaks and alkali-labile sites (the latter
reflecting DNA single-strand breaks and DNA base damage).

" Base Excision Repair in Malignant Prostate Cultures. As the
alkaline Comet assay also scores abasic sites, we used the formami-
dopyrimidine-DNA glycosylase Comet assay to directly determine
whether the malignant cultures had relatively increased spontaneous
and ionizing radiation-induced levels of oxidative damage. Treating
DNA with formamidopyrimidine-DNA glycosylase unmasks nonre-
paired oxidative damage as 8-oxo-7,8-dihydro-2'-deoxyguanosine,
7-methyl-guanine, 5-OH-cytosine, or 5-OH-uracil DNA lesions (19).
The results shown in Fig. 4A are consistent with a decreased capacity
for base excision repair of these lesions in the malignant cultures. This
defect was not related to decreaséd levels of the base excision repair-
related p53, APE/REF1, or OGGI1 proteins. In fact, the malignant
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Fig. 1. Gene expression relating to Aun-p53 signaling in ma-
lignant and normal prostate cultures using RNase protection assay
analyses. A, representative example of RNase protection assay
blot whereby **P-labeled multiriboprobes were hybridized to the
total mMRNA derived from mock-irradiated (VIR) or irradiated (IR:
10 Gy-4 hours) asynchronously growing prostate cultures. Spe-
cific multiprobes used in this anatysis are indicated in the for left
margin of the blot aside the corresponding gene band of interest. B

Also shown are lanes containing probed sequences within HeLa 0.3
cells (positive control). Yeast {Yst; negative control), and the RNA
probes themselves (far right). Gapdh was a housekeeping gene 0.5

that served as internal control for densitometric quantitation of
results. Note IR-indoced p2/™* signal in WT-p53 expressing
PrSC, PriEC, and LNcaP cell lines consistent with wild-type p53
status and an intact G -checkpoint in these cells. B. quantitation of
Atm/p33-dependent stress response based on RNase protection
assay analyses of mRNA in normal and malignant prostate cells.
Top fignre shows basal (i.e., nonirradiated) levels of mRNA
expression. Shown are mean gene expression values based on at
least three independent experiments; bars, =1 SEM. Bottom panel
shows mean values of expression of same genes relative to basal
levels at 4 hours after 10 Gy. Significantly increased expression
was observed for the p2/%*" gene in WTp53-expressing cells
(PrSC. PrEC, and LNCaP), which is both time-dependent [see °
insert for p21WAF protein expression over 6 hours post-10 Gy in

LNCaP cells) and dose dependent from 2 to 10 Gy (data not
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cells lines had increased levels of DNA-polymerase-f3 and -8, two key
enzymes involved in short-patch and long-patch base excision repair
(ref. 21; Fig. 4B and C). We also assessed whether increased expres-
sion of homologous recombination-related or base excision repair-
related proteins could be secondary to cell cycle bias given that these
proteins are optimally expressed in S and G, phases of the cell cycle
(13). In comparing the cell culture doubling times in vitro with mitotic
and S-phase biomarkers (phosphorylated-histone 3 and RNase pro-
tection assay proteins, respectively), we did not observe any correla-
tion between increased DNA repair protein expression and cell pro-
liferation indices among the five cultures (Fig. 4B).

Chromosomal Repair and Heterogeneity of RADS1 Protein
Expression In vivo. Homologous recombination and nonhomologous
end-joining events can be scored using integrated genetic Substrates
(22) or characterization of distinct types of chromosomal aberrations
after cellular exposure to mitomycin C or ionizing radiation (known to
induce DNA cross-links or predominantly DNA strand breaks. respec-

IR HeLa Yst C

1.-32
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esln L
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PZIWAF  GADDA4S

tively). We used the chromosomal damage assay, as it directly com-
pares the capacity for homologous recombination and nonhomologous
end-joining in both malignant and normal cells. Normal PrSc and
PrEC cells are difficult to transfect with DNA repair plasmid reporter
substrates (22). The metaphase spreads in Fig. SA show representative
structural cytogenetic aberrations, which are quantified in Table 1 for
four of the five cultures. The protracted doubling time of PrEC cells
precluded their assessment in this assay. All three malignant cell lines
show an increased incidence of a variety of aberrations associated
with aberrant homologous recombination occurring in the S and G,
phases of the cell cycle phases including: chromatid breaks; double
minutes; tri-, quad-, and complex-radial chromosomes; abnormal te-
lomeric associations; and centromere fissions. Furthermore, nonho-
mologous end-joining-associated defects occurring within the G cell
cycle phase were also observed as increased chromosomal breaks and
di- or tricentric chromosomes in malignant cultures. These data sup-
port our hypothesis that defects in DNA double-strand break repair
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Fig. 2. Increased expression of the homologous recombination genes, Rad51, Xrec3,
Rad52, and Rad54, in malignant prostate cancer cell lines. A. Top panel shows relative
basal homologous recombination gene expression based on RNase protection assay
analyses in normal and malignant prostate cells. Significant increased mRNA expression
of Rad51, Rad54, Rad52, and Xrce€3 is noted in the malignant prostate cultures in
comparison with normal cell cultures (Mann-Whitney test. P < 0.03). Irradiated (/R)
induction of the Rad51, RudS54, Rad52, and Xrce3 genes was observed solely in the PrSC
stromal cell line (Mann-Whitney test, P < 0.05). but not the other epithelial cell lines (data
not shown; Supplementary Fig. 1A). Bottom panel shows Western blots of selected
lomologous recombination proteins in which protein expression is invariant before
(mock-irradiated. NIR) or at 4 hours after 10 Gy (IR). a-Tubulin is shown as the protein
loading control, Increased p21WAF protein expression served as an irradiation control
whereby p2tWAF protein was elevated in cell lines with wild-type p53 gene status. B,
confirmation of increased basal RADS ). RADS2, RADS4, and XRCC3 protein expression
in malignant prostate cells relative to PrEC cells using quantitative densitometry of
Western blot analyses (see examiple blot in Supplementary Fig. 1B). Similar results were
obtained among two independent experiments. The dotted line represents the relative
expression compared with the PrEC cell line. Homologous recombination-related protein
expression was not additionally increased at 4 hours after a 10 Gy (data not shown): bars,
+ SEM.

can be observed in malignant cultures and augment our findings using
the Comet assay.

Given the observed increase in homologous recombination-related
protein expression in vitro, we also compared the expression of
similar proteins in vivo within xenografis derived from the same
malignant cell lines (e.g., PC-3 and DU-145). Therefore, we immu-
nostained for the RADS5 ! protein in histologic sections derived from
xenografts before and after 20Gy irradiation in vivo (see Fig. 5B).
Similar to a previous report in pancreatic cancer (23), we observed
intratumoral heterogeneity with respect to endogenous RADS1 ex-
pression. Both cytoplasmic and nuclear RADS1 expression was ob-

served in PC-3 and DU-145 xenograft histologic sections. However,
in contrast to our data in which RADS! expression in vitro was
invariant after DNA damage, nuclear RADS5 1 expression increased in
the PC-3 or DU-145 xenografts irradiated under in vive conditions.
Taken together, our data suggest that RADS1 expression in vive can
be additionally modified by intratumoral biology and physiology with
the three-dimensional tumor architecture.
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Fig. 3. Expression of nonhomologous end-joining proteins and defects in DNA strand
break (DNA double-strand break and DNA single-strand break) repair in malignant
prostate cell cultures. A, quantitation of nonhomologous end-joining and DNA single-
strand break repair protein expression in malignant prostate cells relative to PrEC cells
using quantitative densitometry of Western blot analyses (see example blot in Supple-
mentary Fig. 1C). Similar results were obtained for two independent experiments. The
dotred line represents the relative expression compared with the PrEC cell line. The level
of XRCCI protein expression was consistently elevated in all three of the matignant cell
lines. Neither nonhomologous end-joining— nor DNA single-strand break-related protein
expression was additionally induced at 4 hours after a 10 Gy dose (data not shown). B,
neutral Comet assay of malignant and normal prostate cells before and after 10 or 25 Gy
of ionizing radiation. Plotted is the Olive Tail Moment (OTM, i.e., % DNA X distance of
center of gravity of DNA) on the Y axis as the indicator of the presence of DNA
double-strand breaks for a given time and radiation dose. No significant differences exist
between the five cell lines for OTM values at baseline or immediately after irradiation
(i.e., time = 0). However. the residual number of DNA double-strand breaks at 24 hours
after 25 Gy is greater in the three malignant cultures in comparison with the normal
cultures (Mann-Whitney test. P < 0.05). C, alkaline (pH >13.0) Comet ussay of
malignant and normal prostate cells before and after 6 Gy of ionizing radiation. Similar
to B above, the OTM on the Y axis as the indicator of the presence of alkali-labile sites,
DNA-double-strand breaks, DNA single-strand breaks, and DNA base damage after
irradiation. The residual damage at 24 hours after irradiation in the three malignant
cultures is greater than that of the control PrEC cultures (Mann-Whitney test, P < 0.05).
For both B and C, 100 consecutive cells were scored at random from the middle of each
slide for two to three independent experiments and the final result expressed as the (mean
of the OTM median values): bars, = SEM.
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Fig. 4. Defective excision of oxidative damage in malignant prostate cancer cultures.
A, Comet assay of formamidopyrimidine-DNA glycosylase-sensitive sites representing
extent of oxidative base damage before and after 6 Gy irradiation in malignant prostate
cell cultures relative to normal controt (PrEC) epithelial culture. The final result expressed
as the [mean of the Olive Tail Moment (OTM) median values) = | SEM. A trend toward
increased endogenous oxidative damage is observed (i.e., at time = 0 of formamidopy-
rimidine-DNA glycosylase-treatment) in the malignant cells, although only the baseline
levels of DU-145 are statistically increased when compared with levels of PrEC cultures
(Mann-Whitney test, P < 0.05). However. at 24 hours after 6 Gy, the number of remaining
oxidative lesions is statistically higher in all three of the malignant cultures (Mann-
Whitney. P << 0.05). B, Western blot analyses and (C) relative densitometry of basal levels
of base excision repair- and cell cycle-associated proteins in normal and malignant cell
cultures. Elevated levels of DNA polymerase-f3 and -8 were consistently observed in a
pS3-independent manner in malignant cell cultures. Similar observations were made
between two independent experiments. There is no correlation among phosphorylated-H3
(H3-P; a marker of mitosis), RPA (a marker of S phase), or cell doubling time in vitro (Td;
hours) and DNA polymerase or homologous recombination-associated protein expression
in Fig. 2. This confirms that the elevated expression of the homologous recombination-
related proteins is not solely due to increased fraction of cells within the S and G, phases
of cell cycle.

DISCUSSION

This is the first study to report defective DNA double-strand break,
DNA single-strand break, and base damage repair in malignant pros-
tate cancer cells and associate these defects with increased chromo-
somal aberrations and genetic instability. Our data are consistent with
homologous recombination-related and base excision repair-related
protein dysfunction in malignant cells as a biomarker of a “mutator”
phenotype driving genomic instability after cytotoxic insult. These
findings are supported by previous data in which LNCaP cells had a

decreased ability to repair restriction-enzyme mediated DNA double-
strand breaks based on a fluorescence-based plasmid reconstitution
assay (24). Additionally, during the preparation of this article, Trze-
ciak et al. (25) reported that PC-3 and DU-145 cells have defective
excision of oxidative lesions with altered levels of superoxide dismutase
and glutathione peroxidase supporting our observation of decreased base
excision repair in these cell lines. Other reports in the literature within
panels of cell lines with varying histopathologic type have reported
heterogeneity in DNA polymerase-8 activity and elevated PARP expres-
sion (26-28).

There have been previous reports of elevated levels of Rad57
mRNA or RADS5! protein expression within human tumor cell lines
(29. 30). However, to our knowledge. this is the first direct compar-
ison of DNA double-strand break gene expression within normal and
malignant cells from the same histopathologic type linked to a func-
tional assessment of DNA double-strand break repair. Altered stoi- -
chiometry of repair proteins or a disconnect between cell cycle check-
point control and DNA repair may be the basis for the observed
discordance between repair protein expression and function (13, 31).
Altered homologous recombination-related protein expression might
indirectly lead to altered nonhomologous end-joining activity given
the interplay between the two pathways during DNA double-strand break
repair (32, 33). Maintenance of survival in malignant cells, despite high
levels of DNA double-strand breaks and chromosomal aberrations after
DNA damage, is probably secondary to loss of potentially deleterious
accentric fragments or other chromosomal abnormalities within micro-
nuclei at 48 to 72 hours after irradiation (34, 35).

In isogenic systems. the relationship among RADS51 expression,
homologous recombination, and induction of chromosomal aber-
rations remains controversial (29, 36-38). This may relate to

- variability in genetic background or the plasmid homologous re-

combination reporter substrates used for study (22). Transfection
studies with forced overexpression of RADS51 have led to obser-
vations of both increased and decreased frequencies of homolo-
gous recombination, arguing for RADS5I acting as either a pro-
moter or repressor of genetic instability and tumor progression (37,
39). Other transfection studies suggested that RADS51, XRCC3,
and XRCCI protein ‘overexpression leads to increased p21WAT
expression and a decreased apoptotic response with resulting ra-
dioresistance (23, 40, 41). However, our data do not support such
a direct correlation. Our malignant cultures, which overexpress
homologous recombination-related proteins have varying G,
checkpoint control and p2IWAF expression, and all five of the
cultures are resistant to apoptosis (16). The increased DNA repair
protein expression observed in the malignant cell lines was inde-
pendent of p53 status, G,-checkpoint control, androgen respon-
siveness, clonogenic radiation cell survival, cell proliferation, and
susceptibility for radiation-induced apoptosis (16, 20, 42).

It had also been hypothesized that RAD51 overexpression might
abrogate RADS51-p53 interactions and override the G, checkpoint
leading to aneuploidy and high levels of homologous recombina-
tion (37, 43). The decreased levels of MMS- and ionizing radia-
tion-induced homologous recombination-related chromosomal ab-
errations in the G, checkpoint-proficient LNCaP cultures, relative
to the G, checkpoint-deficient DU-145 and PC-3 cultures, would
support this hypothesis. Additionally, our observed overexpression
of the Rad51, Xrce3, Rad52, and Rad54 genes at both the RNA and
protein level suggests that loss of control of homologous recom-
bination expression in malignant cells is operational at the tran-
scriptional level and may be secondary to altered activity of
transcription factors in cancer cells. Rad5] gene overexpression
can be mediated by Bcr/Abl and STATS-dependent transcription in
addition to inhibition of caspase-3-dependent RADSI protein
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Fig. 5. Chromosomal damage in vitro and patterns of RAD3 | expres-
sion in vivo in PC-3 after DNA damage. A, representative images of
phatomicrographs of metaphase spreads stained with 4’, 6-diamidino-2-
phenylindole from (i) untreated and (if) MMC-treated (30 ng/mL for 1
hour) PC-3 cells at 24 hours after treatment, The two representative
spreads in if also show magnified images of quadradial, complex-radial,
and dicentric chromosomes (see white arrows and magnified views)
consistent with defects in DNA double-strand break vrepair. The full
spectrum of chromosomal aberrations within PC-3, DU-145. LNCaP,
and PrSC cells after DNA damage is quantitated in Table 1. B, immu-
nohistochemistry for RADST protein in vivo within human PC-3 cells
grown as a solid tumor xenograft in the hind leg of a BALB/c nude
mouse. Note heterogeneity of cytoplasmic and nuclear staining within
tumor before irradiation (NIR, left). After X-irradiation with a single dose
of 20 Gy in vivo. intratumoral heterogeneity of RAD3I staining is
maintained, yet the number and intensity of nuclear-stained cells in-
creases at 24 hours after irradiation (20 Gy, right). Similar observations
were made in DU-145 xenografts (data not shown).

Table | Chromosomal abberrations in prostate cell cultures in response to DNA damage
PRSC LNCAP DU145 PC-3

Aberration Control MMC IR Control MMC IR Control MMC IR Control MMC IR
Chromosome break 0 3 0 0 0 1 0 0 2 1 3 1
Chromatid break 0 0 0 | 0 1 0 4 0 0 6 |
Tri-, quad-, or complex radial 0 t 0 3 2 8 0 2 1 0 8 9
Di- or tricentric 0 0 1 0 1 6 0 7 14 2 20 22
Ring chromosomes 0 0 0 0 0 (4] 0 0 0 0 1 3
Double minutes 0 0 0 0 0 3 ] 2 14 2 4 6
Accentric fragments 0 0 ] | 0 18 3 4 15 12 10 15
Telomeric association of 2 acrocentric chromosomes 0 0 f 0 3 4 3 4 0 2 5 1
Centromere fission 0 1 0 0 2 0 4 0 0 0 0 1
Total i 5 3 5 8 41 10 23 46 19 57 58

NOTE. For each cell culture. the frequency of spontaneous (control). IR-induced (4 Gy). or MMC-induced (40 ng/ml for 24 hours) chromosomal aberrations were determined in
exponentially growing celt cultures of PRSC, LNCAP, DU145, and PC-3. The extremely slow doubling time of PrEC cells (>>48 hours) precluded a similar analysis in this cell type.
The cells were harvested by trypsinization 24 hours after treatment and then incubated with 1 pg of Colcemid/ml, for 2 hours to collect metaphase spreads for analysis. Twenty-five
metaphases were scored for each culture. Both increased chromosome and chromatid types of aberrations are observed in the malignant cells relative to PrSC cells after IR or MMC
treatment, consistent with defects in homologous recombination and non-homologous end-joining repair.

Abbreviations: MMC, mitomycin-¢; IR, ionizing radiation.

cleavage (44, 45). Similar mechanisms may exist for other homol-
ogous recombination-related genes in prostate cancer. Indeed, prelimi-
nary data in our laboratory suggests that endogenous BRCA! and
BRCA? protein expression are also elevated in the three malignant cell
lines.®

Our results implicate DNA repair, and particularly DNA double-
strand break repair and homologous recombination, as a potential
factor in prostate tumor progression. Importantly, our data may have
implications for both prostate cancer diagnosis and therapy. Profiling
of DNA repair protein expression may be useful to discover new
biomarkers of genetic instability, malignant progression, and aggres-
sive tumor phenotypes (46, 47). We would also hypothesize that
prostate intraepithelial neoplasia (PIN) may have altered frequencies
of homologous recombination and defective DNA double-strand break

3 R. Fan, F. Jalali. and R. G. Bristow, unpublished observations.

repair when compared with nonmalignant epithelium. Unfortunately, the
paucity of cell lines for the study of prostatic intraepithelial neoplasia or
early stage prostate cancer prevents us from making this direct link in
vitro (48).

Prostate tissue arrays will be useful to confirm that our in vitro
findings are operational in vivo and that loss of checkpoint control and
DNA repair activity is correlated to tumor progression similar to that
reported for breast cancer (49). However, the data presented in Fig. 58
suggest that interpretation of tissue arrays may be difficult without
added information pertaining to cell cycle phase, oxygenation, nutri-
tional status, or clonal variation, which may affect the intratumoral
heterogeneity of protein expression. For example, the relative increase
in RADSI expression after irradiation in vivo may be secondary to the
arrest of cells in the G, phase of the cell cycle. which has higher levels
of RADSI expression (50), or due to microenvironmental factors.
Indeed, in a separate study, we have observed that RADS1 expression

8532




DNA REPAIR AND PROSTATE CANCER

can be altered under conditions of intratumoral hypoxia (51). Addi-
tional experiments with defined doses and time points after irradiation
in vivo using prostate xenografts may clarify these issues and glean
more information regarding RADS1 function within solid tumors.
We speculate that the use of agents that either augment DNA repair
in premalignant prostate epithelium or inhibit the hyper-recombino-
genic phenotype of malignant cells may be valuable in prostate cancer
treatment. For example, the antioxidant selenium has been implicated
as a chemoprotective agent for high-risk prostate cancer and has been
shown recently to increase DNA repair and chemoprotect normal cells
in response to DNA damaging agents (52). Additionally, molecular-
targeted agents, which decrease aberrant Rud51 or other DNA repair
gene expression, such as STI571-Gleevec (45, 53) or small interfering
RNA approaches (54), may be potentially novel strategies to sensitize
prostate cancer cells to radiotherapy or chemotherapy (55, 56).
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- In response to DNA breaks, human cells delay their progression through the G1, S, and G2
phases of the cell cycle. This response requires the coordinated effort of the ATM-CHK2-
p53 and ATR-CHKt DNA damage-sensing pathways and DNA repair (eg, DNA-PK and
RADS51 complexes). The turnover of many of these DNA damage-associated proteins is
controlled by the 26S proteasome. In this article, we review molecular strategies that target
each of these pathways using silencing RNA (siRNA), antisense, or small-molecule inhi-
bition. Although these agents can radiosensitize tumor cells, little data are available
regarding potential effects on normal tissues to determine the potential therapeutic ratio of
these strategies after fractionated radiotherapy. Clinical trials using such agents will
require novel correlative science endpoints to track DNA repair and cell-cycle arrest and
will need careful assessment of normal tissue toxicity and stability.

Semin Radiat Oncol 16:51-58 © 2006 Elsevier Inc. All rights reserved.

In modern radiotherapy, biological targeting requires an
understanding of malignant and nonmalignant tissue re-
sponses pertaining to relative cell proliferation, DNA repair,
and cell death (eg, tissue-specific apoptosis, mitotic catastro-
phe, and tumor cell sénescence).!? In this article, we review
new molecular radiosensitizers that target cell-cycle check-
point control and intracellular DNA damage responses. With
increasing available information regarding the molecular
pathways of radioresponse, we are learning that combined-
modality chemoradiation protocols take advantage of dispar-
ate molecular DNA repair and cell-cycle transitions that can
exist among malignant and normal cells.?* This characteristic
feature supports further exploitation of these pathways to
improve local control. Improving the therapeutic ratio is par-
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amount to the success of these new agents and underlies the
need for simultaneous study of normal tissue toxicity, as
outlined later.

Targeting the
ATM-p53 and ATR-CHK1
Cell-Cycle Checkpoints

Molecular Basis for Cell-Cycle
Checkpoints After DNA Damage

In response to DNA breaks, human cells delay their progres-
sion through the G1, S, and G2 phases of the cell cycle,
potentially allowing for the repair of DNA damage (Fig 1).
Central to the activation of the ionizing radiation checkpoints
is the initial sensing of DNA breaks by the telomeric protein
TRF2 and the MRE11-RAD50-NBS1 (MRN) complex with
subsequent activation of the ATM kinase.>® ATM is a mem-
ber of the phosphatidlylinositol 3-kinase-like family of
serine/threonine protein kinases (PIKKs). Other members of
this family include the ATM- and Rad3-related (ATR) kinase
that responds to single-stranded DNA, stalled or collapsed DNA
replication forks, and the DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs), which is a DNA-dsb repair protein.
ATM, together with DNA-PKcs, phosphorylates the histone
H2AX (called y-H2AX when phosphorylated on serine residue
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Figure 1 Radiosensitization by inhibiting cell-cycle checkpoints. Initial DNA-dsbs are recognized by the TRF2-MRN
complex within 2 seconds after DNA damage. This is followed by recruitment of the ATM and ATR kinases that
phosphorylate target proteins to enact the G1, S, and G2 checkpoints. These target proteins include the histone H2AX
and the p53, 53BP1, CHK2, MDC1, NBS1, BRCA1, and SMC1 proteins. Distally, the G1, S, and G2 arrests are engaged
by the cyclin D-CDK4, cyclin E-CDK2, RB-E2F, and cyclin B-CDC2 complexes. RNA antisense (AS) or siRNA strategies
can inhibit ATM, ATR and MRN function, leading to radiosensitization. Reconstitution of normal wild-type p53
function in tumors can be achieved through gene therapy (eg, adenoviralWTp53 or ONXY-015) or novel pharmaceu-
ticals (eg, CP-31398, PRIMAL1). Finally, there are a number of ATM (eg, KU55953), CDK (eg, CYC-202 (roscovitine),
BMS-387032), and CHK1 (eg, UCN-01) inhibitors that prevent cells from repairing DNA-dsbs before entry into mitosis
and promote mitotic catastrophe and radiation cell kill. (Color version of figure is available online.)

139) along megabase-length tracks surrounding a DNA
break. The MRN complex acts as an initial damage “beacon”
for DNA-dsb repair proteins or proteins involved in signal
transduction of the damage including BRCAl, MDC1, p53,
MDM2, 53BP1, CHK2, and CHK1, which engage G1, S, and
G2 cell-cycle arrests (Fig 1).2°

The ATM-dependent G1 checkpoint is mediated by the p53
tumor suppressor protein and the CHK2 kinase. Their con-
certed actions through p21WA" and CDC25A alter the activity of
cyclin E-CDK and retinoblastoma protein complexes at the
G1-S interface and initiation of DNA replication. The ATM-
dependent intra—S-phase checkpoint is controlled by both
ATM-CHK2-CDC25A signaling and alternate phosphorylation
of BRCA1, NBS1, FANCD2, and SMC1 proteins. The p53,
53BP-1, CHK]1, and CHK?2 proteins act as downstream media-
tors of ATM and ATR in the G2 checkpoint mediated by cyclin
B-CDC2. After DNA damage, CHK2 and CHK1 phosphorylate
CDC25C to inhibit its activity toward cyclin B-CDC2 and the
cell arrests in G2/M. p53 also upregulates 14-3-3-g, which sub-
sequently sequesters CDC25C into the cytoplasm also culminat-
ing in an inactive cyclin B-CDC2 complex. Together the ATM
and ATR pathways and their associated checkpoints represent
exciting targets for therapy if tumor-specificity can be achieved.

For further details, the reader is referred to specific reviews of
these pathways.>"8

Targeting ATM-p53
Strategies designed to exploit the ATM-p53 pathway are based
on the assumption that ATM signaling or p53 function is inac-
tive within tumor cells because of gene mutation or protein
degradation (eg, p53 degraded by the oncoproteins HPV-E6 or
MDM2).7 Although not universal, human tumors coexpressing
mutant p53 and other oncogenes can show decreased rates of
local control after radiotherapy.” In more recent studies, a
single-nucleotide polymorphism (SNP) at p53 codon 72
has been correlated with sensitization of tumor cells to radio-
therapy and chemotherapy in vitro and in vivo through in-
creased levels of apoptosis.® Therefore, SNP and/or mutation
analyses within normal and tumor tissues may soon drive the
rational design of ATM-p33 pathway-specific therapies.
The nonspecific PIKK inhibitors wortmannin and caffeine
have been used preclinically to sensitize tumor cells through
inhibition of ATM; however, both agents are too toxic in vivo
for clinical use.'® ATM has been targeted in prostate cancer
cells using specific antisense or siRNA; however, there was
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only a moderate decrease in ATM expression and resultant
radiosensitization (eg, dose-reduction factor of 1.4).}! More
recently, Hickson and colleagues'? have reported the discov-
ery of a specific ATM inhibitor, KU55933, by screening of a
small molecular-compound library. With an inhibitory
ICD50 value of 13 nmol/L, KU55933 decreased ATM phos-
phorylation of p53, NBS1, yH2AX, SMC1 and inhibited
ATM-medicated checkpoints. Radiosensitization and che-
mosensitization to etoposide, doxorubicin, and camptoth-
ecin in Hela cells using KU55933 produced sensitizer en-
hancement ratios ranging from 2.6 to 36.5.' At the present
time, data are not available for differential radiosensitization
of tumor over normal tissues.

Small-molecule inhibitors or peptides have been devel-
oped to bind to mutant forms of p53 (MTp53) and revert
them to wild-type (WTp53) conformation. Two examples of
these compounds are CP-31398 and PRIMA-1.7 Both induce
cell-cycle arrest and/or apoptosis in vitro; however, no pre-
clinical data yet exist for these agents as radiosensitizers. In
addition, the use of small molecules to mimic downstream
p21WAT  MDM2, or BAX activity can reactivate Gl and G2
checkpoints or apoptotic cascades and engage WTp53-me-
diated radiosensitization.”

WTp53 function in tumor cells can also be reconstituted
through intratumoral or systemic (liposomal) delivery of ad-
enoviral WTp33 (Ad-WTp53).7 In both preclinical studies
and phase I-111 clinical trials, this has led to stimulation of
cell-cycle arrests and apoptosis and also suppressed DNA-
dsb repair.!> Complete or partial responses have been
achieved in lung cancer patients using this agent in combi-
nation with radiotherapy.!> ONYX-015 is an adenovirus that
lacks the E1B-55K gene product for p33 degradation and
therefore was designed to selectively replicate within, and
kill, p53-defective tumor cells. Although p53-dependent re-
sponses have not been universally shown, this agent has been
used in more than 250 patients in 15 clinical trials using a
variety of delivery strategies. It has elicited partial and complete
responses when combined with chemotherapy or radiotherapy
in sarcoma, head and neck, lung, and brain tumors. Problems
with intratumoral delivery, viral immune-mediated clearance,
and lack of viral replication when given with chemotherapy,
have slowed this agent’s widespread clinical use.

Increases in the therapeutic ratio could also stem from a
radioprotection of normal tissues. Pifithrin-a is a chemical
inhibitor of p53 that was found to radioprotect mice from the
gastrointestinal radiation syndrome.!> However, a theoretical
concern is that this agent will also reduce the anticarcino-
genic effect of WTp53, resulting in radiation-induced carci-
nogenesis. This could be clinically relevant for intensity-
modulated radiotherapy protocols in which multiple beams
lead to large volumes of normal tissues receiving small daily
radiation doses.”

Targeting ATR, CHK1,
and the G2 Checkpoint

If the G2/M checkpoint is inhibited, this results in the cata-
strophic segregation of damaged, partially repaired chromo-

somes and mitotic cell death.' Targeting ATR, CHK1, and other
G2 checkpoint-associated proteins in tumor cells, in combina-
tion with chemo- or radiotherapy such that they enter mitosis
inappropriately, is an attractive therapeutic concept (Fig 1). Tu-
mior cells usually lack a normal G1 checkpoint and rely more on
the S and G2 checkpoints for survival when compared with
normal cells.'® This led to promising initial studies using caf-
feine, pentoxifylline, and staurosporine as G2-checkpoint inhib-
itors and radiosensitizers of tumor cells in vitro, but some
proved too toxic for use in vivo.!°

Other G2-inhibitors include nonspecific protein kinase in-
hibitors, such as UCN-01, and more selective cyclin-dependent
kinase (CDK) antagonists, such as flavopiridol (see
Table 1). These agents are in various stages of clinical trials.
Single-agent and combined-modality phase I-II trials of
UCN-01 and flavopiridol have shown dose-limiting toxicity that
includes arrhythmias, syncope, nausea/vomiting, hypoxemia,
and insulin-resistant hyperglycemia.!® Several newer com-
pounds have been identified that inhibit CHK1 with varying
degrees of specificity.'®1%7 For example, high-throughput
screening of novel compound libraries have identified CDK in-
hibitors that target CDK1, 2, or 5 and decrease DNA-dsb repair
as the basis for radiosensitization. These agents (eg, CYC-202-
roscovitine and BMS-387032) are currently being tested in
phase /11 lung and breast cancer trials.!®

The use of UCN-01, or the expression of siRNA or dominant
negative alleles against CHK1, abrogates the S and G, check-
points and can sensitize MTp53-expressing cells to radia-
tion. 10161819 A recent report shows that concomitant siRNA
knockdown of both ATM and CHK1 (le, targeting ATM signal-
ing and the G2 checkpoints) radiosensitized prostate cancer
cells in a p53-dependent manner. This result suggested a poten-
tial therapeutic ratio for irradiating tumors with nonfunctional
p53 protein relative to WTp53-expressing normal tissues?,
however, pS3-independent radiosensitization has also been re-
ported with CHK1-inhibition.'6

Increased tumor cell kill in vivo with the use of these CHK1/
CDK agents, in combination with radiotherapy, is predicted by
preclinical studies showing synergistic radiosensitization by
UCN-01 with fractionated radiotherapy.?! A caveat to all these
studies is a recent report showing that CHK1 is required during
normal S-phase progression to avoid aberrantly increased initi-
ation of DNA replication, thereby guarding against generation of
potentially harmful DNA lesions.!® If normal tissues are also
sensitized to DNA breaks and/or genetic instability by CHK1-
inhibition, the therapeutic ratio could be lost.

Targeting DNA Repair Pathways

One of the central radiobiological tenets is that DNA is an im-

portant target for the biological effects of ionizing radiation. Hu-

man DNA-dsbs are repaired mainly through 2 pathways that
can both interact and compete with each other across cell-cycle
transitions. These include homologous recombination (HR) and
nonhomologous recombination (ie, end-joining or NHEJ) (Fig 2
and Table 1).2 Strategies that target DNA repair pathways pref-
erentially in tumor cells (eg, using chemoradiation or DNA re-
pair inhibitors) may augment clinical radiotherapy response
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Table 1 Evidence for Radiosensitization Using Chemical Inhibitors of Cell-Cycle Checkpoint Control, DNA Repair, and the

Proteasome

Agent

Target/Action

Evidence for Radiosensitization

Checkpoint inhibitors
UCN-01

Flévopiridol

Roscovitine(CYC-202)

CEP-3891
KU55953

AdenoWTp53

ONYX-015

DNA repair inhibitors
Vanillin, SU1172, 1C886,
NU7163, NU7026
Imatinib

3-AB, I1SQ, NU1025, KU0058684
or AG14361

Proteasome inhibitors
PS-341 (bortezomib)

Ritonavir, saquinavir

CHK(1; inhibits G2 checkpoint

Non-specific for CDK; inhibits G2
checkpoint and DNA-dsb repair

CDK1/CDK2/CDKS5; inhibits DNA-dsb
repair

CHKI1; inhibits S and G2 checkpoint

ATM; inhibits G1 and G2 checkpoints
and DNA-dsb repair

p53; inhibits cell cycle arrests and
DNA-dsb repair and induces
apoptosis

p53; targets MTp53-expressing tumors
through cell cycle arrest and
apoptosis

DNA-PKcs and NHEJ; inhibits DNA-dsb

repair

¢-ABL; inhibits RAD51/HR and DNA-
dsb repair

PARP; inhibits DNA-ssb repair and
homologous recombination

26S proteasome; altered apoptosis, cell
cycle arrest and signal tranduction

26 proteasome; HIV protease

In vitro: sensitizes colon, breast,
lymphoma, cervix, lung cancer cell
lines

In vivo: synergistic growth delay in
murine fibrosarcoma following
fractionated radiotherapy in vivo;
clinical trials ongoing

In vitro: sensitizes esophageal and
colon cancer cell lines

In vivo: increased growth delay in
murine tumors and colon cancer
xenografts; clinical trials ongoing

In vitro: sensitizes breast cancer cell
lines

In vivo: increased growth delay in
breast cancer xenografts; clinical
trials ongoing

In vitro: sensitized osteosarcoma cells

In vitro: sensitized Hela cells

In vitro: sensitizes brain, lung, prostate,
and head and neck cancer cell lines

In vivo: complete and partial clinical
responses in lung cancer; clinical
trials ongoing

In vitro: sensitizes colon and thyroid
cancer cell lines

In vivo: sensitized glioma xenografts in
vivo; clinical trials ongoing

In vitro: sensitizes ovarian, Hel.a,
glioma, CHO, and fibroblast cells

In vitro: sensitizes leukemic and glioma
cells .

In vitro: sensitizes prostate, lung, and
lymphoma cancer cell lines

In vivo: AG14361 sensitized colon
cancer xenografts

In vitro: sensitizes melanoma,
lymphoma, colon cancer cell lines

In vivo: sensitized colon cancer
xenografts; clinical trials ongoing

In vitro: sensitizes glioma and prostate
cancer cell lines

Abbreviations: NHEJ, nonhomologous end-joining; HR, homologous recombination; PARP, poly(ADP-ribose) polymerase-1; HIV, human immunode-
ficiency virus; DNA-dsb, DNA double-strand break; MTp53, mutant p53. Data from the following references.!:27:8:10.11.13.14.16.18.28.31.32.37.41 44.48

given correlations between DNA repair gene expression and
radiosensitivity. 2223 Indeed, cisplatin and gemcitabine are

22425
apy.

among the most effective clinical radiosensitizers, and recent

reports suggest these drugs can act in part by inhibiting HR and
NHEJ.>* These observations support the concept that the pre-
determination of the repair capacity of tumor cells may help

select appropriate agents for use in combination with radiother-

Targeting HR: RAD51, BRCA1/2, and PARP

HR is an error-free pathway operational in S and G2 phase
and involves RADS51, its paralogs RAD51B/C/D and




All Phases

@51 BRCA2
S & G2 Phase . S

NON-HOMOLOGOUS
RECOMBINATION
(END-JOINING; NHEJ)

HOMOLOGOUS
RECOMBINATION
DNA-DSB RECOGNITION (HR)

T

T T

Vanillin, SU11752
NU7026, KU55953

Anti-y-H2AX peptides
PARP inhibitors
siRNA-AS, siRNA-AS

siRNA-AS, Imatinib
Gemcitabine, cDDP,
MMC, Camptothecin,

anti-KU70 peptides
Bleomycin, Etoposide

1C86621

Figure 2 Radiosensitization by inhibiting DNA repair. The DNA-dsb is the most cytotoxic DNA lesion produced by
ionizing radiation. Initially, DNA break sensing by TRF2-MRN leads to the recruitment of 53BP-1, MDC1, BRCAL, and
specific DNA-dsb repair proteins within y-H2AX-positive chromatin. Human DNA-dsbs are repaired mainly HR or
nonhomologous recombination (ie, end-joining or NHEJ) in a cell-cycle specific manner. Radio- or chemosensitization
can be achieved by the use of siRNA, antisense, or small-molecule inhibitors that block DNA-PK, ATM, or RAD51-
BRCA2 function. The repair of DNA-ssbs and DNA base damage is mediated by the base excision repair pathway,
including the PARP protein. PARP can be inhibited by 3-AB, 1SQ, NU1025, KU0058684, or AG14361, and in the
context of cells that are BRCA1 or BRCA2-deficient, these inhibitors lead to cell death because of the persistence of DNA
lesions normally repaired by homologous recombination. (Color version of figure is available online.)

XRCC2/3, and p53, RPA, BRCA2, BLM, and MUS81.2¢ The
relative capacity for HR among various cell lines can be de-
termined using plasmid repair and sister-chromatid ex-
change assays and the relative sensitivity to cross-linking and
alkylating agents such as mitomycin C, cisplatin (¢cDDP),
camptothecin, hydroxyurea and gemcitabine.2*26 The over-
expression of RAD51 has been linked to cellular resistance to
chlorambucil, nitrogen mustard, caffeine, methylmethane
sulfonate (MMS), gemcitabine, cisplatin, mitomycin C
(MMC), and variably to ionizing radiation.22426.27 The
BRCA1 and BRCA2 cancer-susceptibility proteins are also
novel HR targets. BRCA1/2-defective cells have reduced
RADS51 activity and foci formation and increased sensitivity
to ionizing radiation and mitomycin C in vitro.226.28
Investigators have observed increased radiosensitization in
vitro and in vivo by treating lung, glioma, and prostate tumor
cells with siRNA or antisense to RAD31.%2429 Targeting HR in
this manner could exploit the therapeutic ratio because many
normal tissues have a relatively slow cell turnover with an
increased fraction of cells in the G1 phase (ie, NHE] respon-
sive). In contrast, malignant cells that have increased cells in
the S and G2 phases may be more amenable to HR targeting
(this may also increase siRNA uptake). RAD31 expression

can also be inhibited by imatinib mesylate, an inhibitor of the
c-ABL, ¢-KIT, and platelet-derived growth factor (PDGF)
pathways. DNA damage leads to a ¢-ABL~dependent up-
regulation and phosphorylation of RAD51 allowing for foci
formation at sites of DNA damage within a complex contain-
ing RAD52 and ATM. Treating leukemic cancer , prostate
cancer, or glioma cells with imatinib sensitizes them to
cross-linking agents and ionizing radiation in vitro.3¢3!
This agent is already in clinical use for chronic myeloge-
nous leukemia and selected solid tumors, yet clinical trials
of radiosensitization have not yet been reported.

Poly (ADP-ribose) polymerase (PARP) facilitates base exci-
sion repair and binds DNA single-strand breaks (DNA-ssbs).
PARP inhibitors such as 3-AB, I1SQ, NU1025, KU0058684, or
AG14361 can act as radiosensitizers in vitro and in vivo and
trigger y-H2AX and RAD51 foci formation.?? Recently, it has
been observed that BRCAl or BRCA2 deficiency pro-
foundly sensitizes cells to the inhibition of PARP enzy-
matic activity. The resulting chromosomal instability, cell-
cycle arrest, and subsequent apoptosis is a result of
persisting DNA lesions that would normally be repaired
through homologous recombination.*® This novel result
could be clinically exploited to selectively kill BRCA2-
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deficient tumors by using PARP inhibition, in combination
with chemotherapy or radiotherapy.

Targeting NHEJ: DNA-PK and y-H2AX

NHE] requires little homology at the DNA ends and can be
operational during any phase of the cell cycle but is probably
preferential to G1. NHE] involves the proteins KU70/80,
DNA-PKcs, Artemis, XRCC4, DNA ligase IV, and more re-
cently, ATM, p53, and MDM2.3*35 DNA-PK (consisting of
DNA-PKcs and the Ku70/80 heterodimer) has emerged as a
possible genetic target for molecular radiotherapeutics using
siRNA, antisense, and novel inhibitory small molecules (Fig 2
and Table 1). Inhibition of DNA-PK has led to increased
radiosensitization in vitro and in vivo in lung, colon, pros-
tate, and brain cancer models but, unfortunately, also in nor-
mal human fibroblasts.?113 This latter observation may have
important implications for normal tissue toxicity and an un-
favorable therapeutic ratio. Reducing the level of DNA-PKcs
may also affect the levels of other PIKKs, including ATM,
which may augment radiosensitization.*® Novel small-mole-
cule inhibitors of DNA-PKcs have been tested both in vitro
and in vivo (eg 1C86621, NU7441 and NU7026, the vanil-
lins, and SU11752). Some of these agents have greater than
100-fold or greater selectivity when compared with the ac-
tivity of wortmannin.?7-3

Within minutes of irradiation, y-H2AX foci form in a dose-
dependent manner at the site of DNA breaks.2 The number
and resolution of these foci over time is an indicator of global
DNA-dsb repair and correlates to tumor cell radiosensitivity
under oxic and hypoxic conditions.2* Interfering with
v-H2AX signaling could alter the radiosensitivity of cells. For
example, peptide mimics of the H2AX carboxy-terminus
(where the Ser139 residue is phosphorylated during DNA

Figure 3 Radiosensitization by
Poly-ubiquitinylated  inhibiting the proteasome.
Protein Ubiquitin-mediated degra-
dation of regulatory proteins by
the 26S proteasome plays an
important role after irradiation
by targeting proteins involved
in cell-cycle progression, DNA
repair, signal transduction, and
transcriptional regulation (eg,
cyclins, p53 and p21WAF,
RADS1, BAX). Proteins that are
targeted for destruction be-
come polyubiquitinylated by
E3 ligases that include the
BRCA1-BARDI repair complex
and the MDM2 protein (in-
volved in p53 turnover). The
peptide boronic acid com-
pound, PS$-341, inhibits pro-
teasome activity and is cur-
rently in clinical trials. (Color

Destruction by
26S Proteasome

Bortezomib (PS-341) version of figure is available on-
line.)

damage) or H2AX gene knockdown can radiosensitize mu-
rine and human tumor cells in vitro and in vivo.?> At present,
the clinical utility of anti-DNA-PK or anti-H2AX strategies
has not been realized.

Inhibiting the Proteasome

. The proteasome is a multisubunit protease complex that is

involved in the turnover of cellular proteins via degradation
and recycling (Fig 3 and Table 1). In this ubiquitin (Ub)/
proteasome pathway, proteins are targeted for degradation
by conjugation to polymers of the 8-kDa polypeptide (ATP)
ubiquitin and are degraded via an adenosine triphosphate—
dependent process.*' Over 80% of all cellular polyubiquiti-
nylated proteins are recycled through the proteasome. The
activation and conjugation of ubiquitin is, in part, mediated
by E3 protein ligases, which include the BRCA1-BARD1
complex and the MDM2 protein. These ligases target the
RADS1 and p53 proteins for proteasomal degradation, re-
spectively. !

Ubiquitin-mediated degradation of regulatory proteins
may play an important role in the radioresponse of tumor and
normal cells because they target proteins involved in cell-
cycle progression, signal transduction, transcriptional regu-
lation, DNA repair, and cell death including histones: BAX,
p21WAT p27KP 153 RADS1, cyclins (D,E,B), PARP, and nu-
clear-factor kappa B (NF-kappaf).*!*2 NF-kappaf3 binds to
its target sites (ie, kappap sites in the DNA) to initiate tran-
scription after irradiation and along with antiapoptotic pro-
teins may be a critical target for chemical inhibitors of pro-
teasome inhibition.*!*

Bortezomib (PS-341) is a dipeptide boronic acid that in-
hibits tumor-cell or xenograft proliferation. PS-341 can ra-
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diosensitize a variety of tumor cell types in vitro and in vivo
potentially by inhibiting NF-kappaBor BCL-2.*1# Other
proteasome inhibitors that can radiosensitize tumor cells in-
clude the HIV-protease inhibitors saquinavir and ritona-
vir.9145 Although a promising approach to clinical radiosen-
sitization, Phase 1 or II trials using radiotherapy combined
with proteasomal inhibitors have not yet been reported.

Conclusions and
Outstanding Questions

Although exciting in concept, clinical trial data for many of
these agents in combination with radiotherapy is still lacking.
The relative sensitization in vitro may not predict the sensi-
tization achieved in vivo because of microenvironmental fac-
tors or altered pharmacodynamics.?* However, biomarker
analyses may help. The temporal tracking of intranuclear
focal complexes in situ using specific antibodies to activated
checkpoint or DNA repair proteins (eg, tracking RAD51-
BRCA2, DNA-PKcs, y-H2AX, or ATM-Ser1981), in relation
to hypoxia biomarkers, could provide a quantitative measure
of DNA repair or genetic stability on a tissue-specific basis.
Quantitation of these foci in vivo may therefore be useful in
determining the efficacy of DNA repair inhibitors in combi-
nation with radiotherapy 2244647

.The success of these agents is also dependent inhibiting
DNA damage and repair responses in tumor cells, but not
normal cells.*® They must also not increase genetic instability
within irradiated tissues.!® We currently know little about the
relative molecular repair responses among the different types
of normal tissues after fractionated irradiation. This informa-
tion will be required for the judicious choice of repair-based
agents in combination with radiotherapy.
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There is an emerging concept that acquired genetic instability in cancer cells can arise from the dysregu-
lation of critical DNA repair pathways due to cell stresses such as inflammation and hypoxia. Here we report
that hypoxia specifically down-regulates the expression of RAD51, a key mediator of homologous recombination
in mammalian cells. Decreased levels of Rad51 were observed in multiple cancer cell types during hypoxic
exposure and were not associated with the cell cycle profile or with expression of hypoxia-inducible factor.
Analyses of RAD51 gene promoter activity, as well as mRNA and protein stability, indicate that the hypoxia-
mediated regulation of this gene occurs via transcriptional repression. Decreased expression of Rad51 was also
observed to persist in posthypoxic cells for as long as 48 h following reoxygenation. Correspondingly, we found
reduced levels of homologous recombination in both hypoxic and posthypoxic cells, suggesting that the
hypoxia-associated reduction in Rad51 expression has functional consequences for DNA repair. In addition,
hypoxia-mediated down-regulation of Rad51 was confirmed in vivo via immuneofluorescent image analysis of
experimental tumors in mice. Based on these findings, we propose a novel mechanism of genetic instability in
the tumor microenvironment mediated by hypoxia-induced suppression of the homologous recombination
pathway in cancer cells. The aberrant regulation of Rad51 expression may also create heterogeneity in the DNA

damage response among cells within tumors, with implications for the response to cancer therapies.

Solid tumors constitute a unique tissue type, characterized
by hypoxia, low pH, and nutrient deprivation (45). Although
decreased oxygen tension is potentially toxic to normal human
cells, cancer cells acquire genetic and adaptive changes allow-
ing them to survive and proliferate in a hypoxic microenviron-
ment, Intratumoral hypoxia induces profound alterations in
numerous physiological processes, including altered glucose
metabolism, up-regulated angiogenesis, increased invasive ca-
pacity, and dysregulation of apoptotic programs (37).

From a clinical standpoint, many studies have established
hypoxia as an independent and adverse prognostic variable in
patients with head and neck, cervical, or soft tissue (sarcoma)
tumors (3, 26). With regard to the extent of hypoxia observed
in tumors, it has been proposed that cells within hypoxic re-
gions of solid tumors often derive almost all metabolic energy
requirements from up-regulated glycolytic pathways. This phe-
nomenon has been referred to as the Pasteur effect (34) and
provides a partial physiologic explanation for the viability of
tumor cells exposed to severe hypoxia within the tumor micro-
environment. Polarographic needle electrode studies used to
measure oxygen tension directly in cancer patients have re-
vealed that a significant proportion of breast carcinomas (up to
40%) contain regions of severely decreased oxygen tension (0
to 2.5 mm Hg, compared to the normal tissue range of 24 to 66
mm Hg) while still supporting viable tumor cells (40). In ad-
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dition, hypoxic cells are more resistant to radiotherapy and
chemotherapy; this resistance represents a significant chal-
lenge in achieving maximal treatment efficacy (32). Collec-
tively, these studies underscore the importance of elucidating
the effects of hypoxia at the molecular level and the mecha-
nisms by which such conditions can lead to a more aggressive
phenotype and tumor progression.

Tumor progression has been specifically correlated with ge-
netic instability (27). Furthermore, it has long been argued that
the large number of mutations found in malignant cells cannot
be accounted for by the low rate of mutation observed in
somatic cells, leading to the suggestion that cancer cells assume
a mutator phenotype during tumorigenesis (23). We and oth-
ers have proposed that the tumor microenvironment contrib-
utes to such genetic instability (31). Indeed, several studies
using both reporter genes and endogenous loci have demon-
strated increased mutation rates in cells grown in tumors rel-
ative to those in identical cells grown in culture (22, 29, 31).
Hypoxia appears to be a key microenvironmental factor in-
volved in the development of genetic instability. Studies have
suggested that it is associated with increased DNA damage,
enhanced mutagenesis, and functional impairment in DNA
repair pathways. With regard to DNA damage, hypoxia and
subsequent reoxygenation induce DNA strand breaks and ox-
idative base damage such as 8-oxoguanine and thymine glycols
(47). Exposure of cells in culture to hypoxic conditions yields
increased frequencies of point mutations at reporter gene loci
(31). Hypoxia-reoxygenation cycles arc also associated with
other genetic aberrations, including gene amplification and
DNA overreplication, although the mechanism by which they
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occur has not been fully elucidated (7, 46). Studies in our
laboratory have also established that hypoxia induces func-
tional decreases in the nucleotide excision repair (NER) path-
way (48). Additionally, it has been reported previously that
severe hypoxia (0.01% O,) specifically down-regulates the ex-
pression of the DNA mismatch repair gene MLH]I, contribut-
ing to increased mutation rates (25). Collectively, these phe-
nomena constitute a source of genetic instability induced by
hypoxia, thus potentially accelerating the muitistep process of
tumor progression.

Given the dynamic and complex gene expression changes
that have been observed under hypoxia, we have been investi-
gating whether alterations in the expression of other DNA
repair genes could also occur in response to hypoxia and
thereby play a role in hypoxia-induced genetic instability. In
the present study, we utilized transcriptome profiling to iden-
tify DNA repair pathways which may be regulated by hypoxia.
We report that the expression of RADS51, a critical mediator of
homologous recombination (HR) in mammalian cells, is spe-
cifically down-regulated by hypoxia at the mRNA level, result-
ing in marked decreases in the protein expression of this gene.
Decreased Rad51 protein expression under hypoxia was ob-
served in numerous cell lines from a wide range of tissues, and
importantly, these decrcases persisted even during the posthy-
poxic phase following reoxygenation. This finding is especially
relevant to solid tumors that typically experience fluctuating
vascular perfusion, resulting in oxygen tensions that vary spa-
tially and temporally. Analyses of protein stability, mRNA
stability, and promoter activity indicate that hypoxia regulates
this gene via a mechanism involving repression of the RADS51
gene promoter. Rad51 down-regulation also appears to be
independent of both the cell cycle and hypoxia-inducible factor
(HIF), since no correlations were found between Rad51 ex-
pression and either the cell cycle profile or HIF induction. We
also detected significantly decrcased HR in both hypoxic and
posthypoxic cells, indicating that hypoxia-mediated reductions
in RAD51 gene expression have functional consequences, Hy-
poxia-mediated Rad51 down-regulation was also confirmed in
vivo within the tumor microenvironment: we observed a con-
sistent inverse association between staining with a hypoxia
marker (EF5) and Rad51 protein expression in vivo by use of
immunofluorescent image analysis of cervical and prostate
cancer xenografts. We propose the existence of a hypoxic and
posthypoxic phenotype in solid tumors characterized by de-
creased expression of critical DNA repair genes, representing
a novel mechanism of acquired genetic instability within the
tumor microenvironment.

MATERIALS AND METHODS

Cells. MCF-7 (HTB-22), A544, RKO, SW-480, HeLa (CCL-2), ME180, SiHa,
PC3, DU145, and A431 cells were obtained from the American Type Culture
Collection (Manassas, Va.) and were grown according to supplier instructions
and as previously described (4). 786-0 cell lines were a gift from W. G. Kaelin and
were cultured as described previously (24).

Plasmids and transfections. The HIF-1a expression vector pCEP4-HIF-1a
was a generous gift from G. Semenza and has been described previously (12).
The 5X-HRE luciferase reporter plasmid was a gitt from Zhong Yun and has
been described previously (35). Transfections were performed by using the Fu-
gene 6 reagent (Roche Diagnostics Corporation, Indianapolis, Ind.) according to
the manufacturer’s recommendations.

Hypoxia exposure. Cells were exposed to hypoxia in vitro as described previ-
ously (6). Brielly, for 0.2 to 0.5% oxygen experiments, a NAPCO incubator
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(Precision Scientific, Winchester, Va.) was equipped with a PROOX 710 sensor
(BioSpherix, Redfield, N.Y.) to regulate the flow of 100% N, at low pressure
(<25 1h/in®) in order to achieve a constant oxygen concentration within the entire
incubator for the indicated times. The CO- level was maintained at 5% by using
a regulated internal CO, regulation system. Severc hypoxia (0.01% O,) was
established as described previously (31) by using a continuous flow of a humid-
ified mixture of 95% N, and 5% CQ, gas certified to contain less than 10 ppm
O, (Airgas Northeast, Cheshire, Conn.). Desferrioxamine mesylate (DFX)
(Sigma, St. Louis. Mo.) treatment was carried out by supplementation of the
culture medium at a concentration of 250 nM under normoxic conditions for
24 h

Transcriptome profiling. Microarray analysis was performed with the Gen-
Compass universal microarray system (Agilix Corporation, New Haven, Conn.).
The specific details of this technology have been described recently (33). The
data reference the UniGene database Build 161 (National Center for Biotech-
nology Information, Bethesda, Md.). Gene regulation was calculated by averag-
ing the ratios of the signal intensities of the tags of each hypoxia-exposed
condition to the signal intensities of the tags from the control (normoxic) cells.

Western blot analysis. Radioimmunoprecipitation assay protein lysates were
prepared, and Western blot analyses were performed, as described previously (4,
25). The following antibodies were used for analysis: anti-VHL (clone 1G32) and
anti-Rad51 (BD Pharmingen, Franklin Lakes, NI}, anti-tubulin (clone B-512;
Sigma), anti-B-actin (Research Diagnostics, Flanders, N.1.), anti-HIF-1a (clone
S4; BD Transduction Laboratories, Franklin Lakes, N.J.), and anti-Glut1 (Alpha
Diagnostic International, San Antonio, Tex.). Bands were quantified by using
NIH Image (version 1.63; National Institutes of Health [NIH], Bethesda, Md.).
Protein bands were visualized with horseradish peroxidase-conjugated anti-
mouse or anti-rabbit immunoglobulin G and an enhanced chemiluminescence
detection system (Amersham Biosciences, Littte Chalfont, Buckinghamshire,
England).

Semiquantitative RT-PCR and qPCR analysis. Semiquantitative reverse tran-
scriptase PCR (RT-PCR) analyses were performed using the SuperScript One-
Step RT-PCR kit (Life Technologies, Carlsbad, Calif.). Primer sequences for
each gene used in all analyses are listed in the next section. Linear amplification
ranges were determined for each gene by using 100-ng samples of normoxic and
hypoxic RNA previously analyzed by Northern blotting. RT-PCR amplification
was performed according to the manufacturer’s recommendations. Additional
information regarding the optimized RT-PCR protocol is available upon request.
Bands were quantified by using NIH Image (version 1.63) analysis of SYBR Gold
(Molecular Probes, Eugene, Oreg.)- or ethidium bromide (Sigma)-stained gels.
For quantitative real-time PCRs (qPCRs), primers and probes were designed
with Beacon Designer 2.06 (Premier Biosoft International, Palo Alto, Calif.), and
analyses were performed using the MX400 Multiplex Quantitative PCR system
(Stratagene, La Jolla, Calif.) as previously described (33). Primers and probes for
all analyses are available upon request.

Neorthern blot analysis. Total RNA was isolated by using the TRIzol RNA
isolation system (Life Technologies) followed by phenol-chiloroform extraction.
Northern blot analyses were performed as described previously (25). The fol-
lowing primer pairs were used to construct the probes: for RADS1, 5-TGGCC
CACAACCCATTTCAC-3' (sense) and 5-TCAATGTACATGGCCTTTCCTT
CAC-3’ (antisense); for the vascular endothelial growth factor gene (VEGF),
5'-CTTCACTGGATGTATTTGACTGCTGTGG-3' (sense) and 5'-GCTAGT
GACTGTCACCGATCAGGGAG-3’ (antisense). B-Actin primers were ob-
tained from Ambion. Blots were visualized by autoradiography and quantified
either by phosphorimager analysis or by use of NIH Image software.

Protein and mRNA stability analyses, Cells were plated in 10-cm-diameter
dishes and allowed to attach for 24 h, followed by a 24-h incubation in the
presence or absence of DFX (250 pm). Cycloheximide (CHX) (10 pg/ml;
Sigma), as an inhibitor of protein synthesis, or actinomycin D (ActD) (5 pg/ml;
Sigma), as an inhibitor of transcription, was then added to the cell cultures. Cells
were harvested at the indicated times after the addition of inhibitor, and Rad§t
protein and mRNA expression levels were determined by Western and Northern
blotting, respectively. RAD5T mRNA half-lives were deduced from the regres-
sion line based on mRNA degradation plots.

Luciferase reporter gene assays. For luciferase reporter gene analyses, a
1.8-kb fragment from the 5'-flunking region of the RADS! gene was identified by
using the UCSC genome browser (University of California~Santa Cruz), iso-
lated by genomic PCR, and subsequently subcloned into the pGL3-basic vector
(Promega, Madison, Wis.}. Primers are available upon request. The subcloned
fragment contains the core promoter region(s) described in the Eukaryotic
Promoter Database (30) and that identified by in silico analysis using the Geno-
matix promoter identification algorithm PromoterInspector (44). For transfec-
tion, 5 X 10° RKO cells were secded in duplicate into 6-well culture plates and
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transfected with 1 pg of each reporter construct by using the Fugene 6 reagent
(Roche Diagnostics Corporation). Firefly and Renifla luciferase activitics were
measured by using the Dual-Luciferase Reporter Assay System kit (Promega)
according to the manufacturer’s instructions. Renilla luciferase activity from a
cotransfected pRL-SV40 control vector (5 nghvell) was used for normalization.

Cell cycle and fluorescence-activated cell sorter (FACS) analysis. Cell cycle
analyses were performed as described previously (2). Stained cells were analyzed
on a Becton Dickinson FACS-Calibur flow cytometer. Data capture, density
plots, and histogram construction were performed by using BD CellQuest Pro
software (Becton Dickinson), and cell cycle distribution profiles were determined
by using ModFit LT software (Verity House Software, Topsham, Maine).

For FACS experiments, normoxic and hypoxic cells were incubated with 10 pg
of Hoechst 33342 (Molecular Probes)/ml for 1 h at 37°C in the dark. Verapamil
(100 mM; Sigma) was also added to the culture medium to inhibit dye efflux
during the incubation. Cells were then trypsinized and resuspended in the culture
medium supplemented with 0,19 fetal bovine serum, 10 pg of Hoechst 33342
dye/ml, and 100 mM verapamil to further enhance dye uptake. Equal numbers of
specilic G- and S-phase cell populations were sorted on the basis of DNA
content by using a BD) FACSvantage flow cytometer fitted with a UV laser, and
cells were collected in 0.5 mi of culture medium supplemented with 10% fetal
bovine serum. RNA was then extracted from the isolated cells by using a mod-
ified TRIzol protocol. This technique has recently been reported to facilitate the
recovery of intact mRNA from viable cells in distinct phases of the cell cycle (20).

HR assay. The shuttle vector plasmid pSupFG1/G144C, containing a supFG1
gene with an inactivating G:C-to-C:G point mutation at position 144, has been
described previously (5). For all shuttle assays, 5 g of pSupFG1/G 144C plasmid
DNA was mixed with [0 pg of a PCR-generated, 1-kb homologous donor frag-
ment containing the wild-type supFGI gene in 50 mM Tris (pH 6.8). After
transfection of the plasmid-donor mixture into cells for the indicated times,
plasmid DNA was recovered by using a modified Hirt lysate procedure, as
described previously (5). The purified plasmid was then used to transform Esch-
erichia coli SY302 cells by electroporation, followed by growth of the cells on
indicator plates for genetic analysis of supFGJ gene function as described pre-
viously {5).

Hypoxia i xenografts. For each cell line, tumor
cell suspensions (50 pl) containing 5 X 10° cells were injected into the gastroc-
nemius muscle of SCID mice. When a tumor diameter of 4 to 5 mm was reached.
the nitroimidazole hypoxic marker EFS (Ben Venue Laboratorics, Bedford,
Ohio) was injected (200 ! of a 10 mM stock solution) intravenously, and tumors
were excised 3 h later, placed in Tissue-TekOCT compound (Sakura Finetek,
Torrance, Calif.), and snap-frozen in liquid nitrogen. Immunofluorescence
analyses were performed as described previously (42). Frozen sections were
incubated overnight at 4°C with a monoclonal anti-Rad51 antibody (Affinity
Bioreagents, Inc., Golden, Colo.) before incubation with a donkey anti-mouse
Cy3-conjugated secondary antibody (diluted 1:400; Jackson ImmunoResearch
Laboratorics, West Grove, Pa.). Tissue-bound EFS was labeled by using a 1:30
dilution of the monoclonal antibody ELK3-51 (provided by Cameron Koch,
University of Pennsylvania, Philadelphia) directly labeled with Cy5. Sections
were then imaged by using a cooled charge-coupled device camera (Quantix,
Photometrics, Tucson, Ariz.) mounted on an epifluorescence microscope (Olym-
pus, Melville, N.Y.) fitted with a computer-controlled motorized stage (Ludi
Electronic Products, Hawthorne, N.Y.).

taining within h

RESULTS

Transcriptome response to hypexia. Several reports have
been published with the primary goal of assessing gene expres-
sion patterns under hypoxic conditions (37). Most of these
studies have focused on induced expression patterns during
brief periods of exposure to mild or moderate hypoxia. In this
work, we sought to further characterize gene expression pat-
terns under more prolonged exposure to hypoxia (24 h at 0.5%
0,) by using a transcriptome profiling-based approach to
screen for both known and novel genes which are regulated by
hypoxia.

Analysis of hypoxia/normoxia (H/N) expression ratios for
approximately 48,000 transcripts (16,000 unique transcripts in
three biological replicates) detected in human MCF-7 breast
cancer cells by transcriptome profiling revealed that the ex-
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pression levels of the great majority of genes (~85%) are not
altered by a 24-h exposure to hypoxia (0.5% O,) (Fig. 1A); at
a threshold of =2-fold regulation, approximately 5% of the
genes detected demonstrated up-regulation, while 10% were
down-regulated, by hypoxia. These lindings were derived from
pooled RNA samples analyzed in triplicate and obtained in
wwo independent hypoxia-normoxia experiments. Interestingly,
when the threshold for analysis is increased to a =6-fold
change, more genes appear to be up-regulated than down-
regulated by hypoxia (0.3 versus 0.1%, respectively). These
results show that specific patterns of both up- and down-reg-
ulation occur in response to hypoxia, and they suggest that
decreased expression of certain genes may be as important as
increased expression in determining the phenotype of hypoxic
cells.

As expected, hypoxic exposure led to increased expression of
several known HIF target genes (Fig. 1B), such as glucose
transporter 1 (SLCA21, or Glutl) and VEGF (17). Glycolysis-
associated genes previously shown to be up-regulated by hyp-
oxia, such as phosphoglycerate kinase I (PGKI) and aldolase C
(ALDOC), were also significantly up-regulated. In addition,
several other genes recently reported to be hypoxia inducible,
such as DEC1 (BHLHB?2) and hypoxia-inducible gene 2
(HIG2), displayed marked elevation, with 9.1- and 9.3-fold
changes in H/N ratios, respectively. The H/N fold changes for
the genes shown in Fig. 1B were verilied by qPCR (data not
shown).

Expression of DNA repair genes under hypoxia. Given that
a comprehensive analysis of DNA repair gene expression un-
der prolonged hypoxia had not been performed previously, we
sought to determine whether there are specific genes in this
category that exhibit novel regulation by hypoxia. The microar-
ray detected the expression of more than 50 transcripts from
genes that directly play a role in DNA repair, and representa-
tive genes from several repair pathways are shown in Fig. 1C.
The expression levels of the majority of DNA repair genes
detected were not substantially altered by hypoxia, including
genes in pathways such as NER and base excision repair, con-
sistent with previous work in our laboratory examining expres-
sion patterns of factors in these pathways by Western blot
analyses (48). A more comprehensive list of DNA repair genes
from these pathways, including gPCR expression validation for.
several of these genes, is available upon request. We did detect
a moderate decrease in the level of MLHI expression under
hypoxia (1.3-fold [data not shown]). It had been demonstrated
previously that MLHI expression is down-regulated by hyp-
oxia, especially after prolonged periods (>24 h) of severe hyp-
oxia (<0.1% 0O,), and thus the finding that MLHI mRNA is
only slightly decreased at 24 h of moderate hypoxia (0.5% O,)
is consistent with previous data (25).

Intriguingly, we detected substantial decreases in the expres-
sion of RADSI under hypoxia (4.3-fold). This decrease was
verified by gPCR and was specific to the RAD51 gene; we did
not detect hypoxia-induced decreases in the expression of
other HR genes in the R4D52 epistasis group (38), including
RADS5IB, RAD54B, RADS52, and RADS50 (data not shown).
Consequently, we reasoned that such decreases in a critical
HR-associated gene could compromise recombinational repair
in cells exposed to hypoxia.
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FIG. 1. Transcriptome response to hypoxia after 24-h exposure of MCF-7 cells to 0.5% O,. (A) Histogram analysis of the approximately 48,000
transcripts (16,000 unique transcripts for each of three biological replicates) detected by the GenCompass microarray, based on H/N expression
ratios (log,). (Inset) Percentages of genes up-regulated and down-regulated at two-, four-, and sixfold thresholds. (B) Selection of genes previously
identified as regulated by hypoxia which were detected by the GenCompass microarray. Accession numbers are given for reference. H/N ratios are
averaged from three independent experiments. NDRG1, N-myc downstream-regulated gene 1. (C) GenCompass H/N expression ratios of selected
DNA repair genes, with the respective pathways listed. H/N ratios are averaged from two experiments. BER, base excision repair; MMR, mismatch
repair. ERCCI, excision repair cross-complementing group 1; APEX2, apurinic/apyrimidinic endonuclease/redox factor 2; PMS2, postmeiotic

segregation increased 2; RADS5I, RADS1 homolog.

Decreased expression of Rad51 protein in response to hyp-
oxia or the Fe** chelator DFX. We sought to determine
whether the changes observed in the microarray and qPCR
experiments were also manifested at the protein level. In order
to account for the effects of protein stability, we examined
Rad51 protein expression levels not only at the 24-h time point
used in the microarray experiments but also after 48 h of
hypoxia. As shown in Fig. 2A, Western blot analysis revealed
that Rad51 protein levels were substantially decreased after
48 h of hypoxia (approximately threefold) (lane 4), with min-
imal decreases observed after 24 h of hypoxia (lane 2). The
expression of HIF-1a and its downstream target Glutl (which
appears as multiple isoforms between 37 and 75 kDa) is shown
for comparison, to confirm physiologically relevant levels of
hypoxia. In addition, levels of tubulin were unchanged and
served as standards to confirm equal loading of cellular protein
samples.

As discussed earlier, we had previously reported the specific
down-regulation of the MLHI gene after prolonged exposure
to more severe hypoxia. Based on this finding and on the
relevance of such conditions to chronically hypoxic regions in
tumors, we subjected MCF-7 cells to more severe hypoxia
(0.01% 0O,) for prolonged periods in order to determine

whether there might be even greater reductions in Rad51 pro-
tein expression, As shown, a 48-h exposure to 0.01% O, re-
sulted in a larger decrease (approximately sixfold) in Rad51
protein expression (Fig. 2A, lane 8). As expected, decreases
were also observed in Mlh1 protein expression, but no reduc-
tions were observed in the expression of several other DNA
repair proteins, including Msh2 and Mshé6 (data not shown).
Thus, both moderate hypoxia and severe hypoxia are associ-
ated with profound and specific decreases in the expression of
the RADS51 gene in MCF-7 cells.

The hypoxic state can be mimicked in cell culture by using
the iron chelator DFX, which has been proposed to disrupt
normal oxygen-sensing pathways in mammalian cells by inhib-
iting heme-Fe*" interactions (43). As shown in Fig. 2A, a 24-h
exposure of MCF-7 cells to DFX also resulted in decreased
Rad51 protein expression (lane 10). In addition, HIF-1a and
Glutl levels were increased in DFX-treated MCF7 cells, con-
firming that this chemical treatment mimicked aspects of gas-
induced hypoxia. These results show that Rad51 protein ex-
pression is reduced not only in truly hypoxic cells but also in
cells in which hypoxia is simulated by interference with normal
cellular oxygen sensing.

Given that such profound decreases in RadS1 protein ex-
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FIG. 2. Decreased levels of Rad51 protein in cell lines in response to hypoxia or the Fe?* chelator DFX, and determination of Rad51 protein
stability in the presence of DFX. (A) Western blot analyses were performed to determine the expression of the HR-associated protein Rad51 in
MCF-7 cells after exposure to normoxia (lanes N), hypoxia (0.5 or 0.01% O,) (lanes H), or DFX (250 uM). The time for which the cells were
maintained under each condition (24 or 48 h) is shown. Expression of HIF-1a and Glutl is shown for comparison, to verify that physiologically
relevant levels of hypoxia were present in the treated cells. Note that Glutt appears as several isoforms which are detected by our antibody. Tubulin
expression is also presented to confirm equal sample loading. (B) Western blot analyses of Rad51 protein expression in A549, HeLa, SW480, and
A431 cells after a 48-h exposure to normoxia or hypoxia (0.01% O,). Tubulin expression is presented to confirm equal loading of samples for Hela
and SW480 cells, while 3-actin was used as a loading control for A549 and A431 cells. (C) Average reduction in Rad51 protein levels after a 48-h
exposure to hypoxia (0.01% 0,), as determined by densitometry analysis of Western blots generated from duplicate (RKO, A431, SW480, and PC3
cells) or triplicate (MCF-7, A549, and HeLa cells) hypoxia experiments. The tissue of origin for each cell line is shown. Reductions are expressed
as H/N ratios normalized to the expression of B-actin and tubulin, and standard errors for each ratio are given. (D) To assess RadS51 protein
stability, MCF-7 cells were either exposed to DFX (250 M) or left untreated for 24 h, followed by coincubation with CHX (10 pg/ml) to block
new protein synthesis. (Upper panels) Cells were harvested at the indicated times after addition of CHX, and Rad51 protein expression was
determined by Western blotting. Expression of HIF-1e is shown to confirm both the induction of chemical hypoxia and successful abolition of new
protein synthesis. In addition, tubulin protein levels were unchanged and served as standards to conlirm equal loading of cellular protein samples.
(Lower panel) Analysis of Rad51 protein expression at each time point after addition of CHX in cells exposed to DFX or left untreated, quantified
as described in the legend to panel C. Each data point is the percentage of Rad51 protein remaining (after normalization to tubulin levels) in either
DFX-treated or untreated cells at the indicated time. i

pression after hypoxic stress could have broad implications for ~ tumor cell lines from various tissues were cultured under hy-
genetic instability in the tumor microenvironment, we sought poxic and normoxic conditions, followed by Western blot anal-
to determine whether this phenomenon could also be detected ysis to assess Rad51 protein levels. As shown in Fig. 2B, sig-
in tumor cell lines derived from other tissues. A selection of  nificant decreases in Rad51 protein expression were observed
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after 48 h of hypoxia in a wide range of human cell lines,
including the A549 epithelial lung carcinoma cell line and the
HeLa cervical cancer cell line. Densitometry analysis was used
to approximate H/N protein expression ratios for several cell
lines evaluated in this study, based on triplicate hypoxia exper-
iments and normalization to either $-actin or tubulin expres-
sion. As shown in Fig. 2C, A549 and MCF-7 cells displayed the
highest levels of down-regulation, with H/N ratios of —13 and
—6, respectively. Taken together, significant hypoxia-mediated
down-regulation of Rad51 protein is observed in numerous
human cell lines derived from a wide range of tissues.

To determine whether the observed decreases in Rad51
protein expression could be accounted for by an increase in
protein degradation, MCF-7 cells were either left untreated or
exposed to DFX, followed by coincubation with CHX to block
new protein synthesis. Cells were then harvested at various
times after the addition of CHX, and Rad51 protein expression
was determined by Western blotting. As shown in Fig. 2D,
while a 24-h DFX exposure resulted in a threefold decrease in
Rad51 protein expression (compare lanes 1 and 6), no signif-
icant differences in Rad51 protein stability between untreated
cells and cells exposed to DFX were observed after the addi-
tion of CHX. In contrast, HIF-1a expression was substantially
increased in the presence of DFX, and HIF-1a degraded rap-
idly after CHX addition, confirming both the induction of
chemical hypoxia and successful abolition of new protein syn-
thesis. In addition, levels of tubulin protein were unchanged
and served as standards to confirm equal loading of cellular
protein samples. These findings suggest that the hypoxia-me-
diated down-regulation of the RADS5! gene does not occur at
the posttranslational level.

Prolonged hypoxia leads to the down-regulation of RAD51
mRNA expression. To determine if the decreases in Rad51
protein expression observed after severe hypoxia are also as-
sociated with decreased mRNA levels, Northern blot analyses
were performed on total RNAs extracted from MCF-7 and
A549 cells after 24- and 48-h exposures to 0.01% O,. RADS5!
mRNA levels were substantially decreased at the 48-h time
point, with H/N ratios of approximately —8 and ~9 in MCF-7
and A549 cells, respectively (Fig. 3A and B, respectively). Ra-
tios were averaged from multiple experiments and normalized
to cither 285 rRNA or B-actin mRNA levels. Significant de-
creases were also observed at the 24-h time point in both cell
lines. The expression of VEGF is shown, to verify the induction
of physiological levels of hypoxia, and B-actin and 28S rRNA
are presented as loading controls. Consistent with the protein
expression levels, a 24-h exposure of MCF-7 cells to DFX also
resulted in decreased expression of RAD51 mRNA (Fig. 3A,
lane 6), and this finding was also verified by qPCR analysis
(data not shown). Additionally, hypoxia-induced decreases in
RADS5I mRNA expression were observed in a number of other
human cell lines, including SiHa, RKO, and DU145 (Fig. 3B;
also data not shown). These findings provide consistent evi-
dence that hypoxia regulates the expression of the RADS5] gene
at the mRNA level.

Transcriptional repression of the R4D51 gene by hypoxia.
We next sought to determine the mechanism by which hypoxia
down-regulates steady-state levels of RAD57 mRNA. To test a
possible effect on RAD5] mRNA stability, MCF-7 cells were
exposed to DFX, followed by coincubation with ActD to block
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transcription. Cells were then harvested at various times after
the addition of ActD, and RAD5! mRNA expression was de-
termined by Northern blotting. As shown in Fig. 3C, while a
24-h DFX exposure resulted in a twofold decrease in RADS!
mRNA expression (compare lanes 1 and 6), no significant
differences in mRNA stability after ActD addition were ob-
served between cells exposed to DFX and cells left untreated
(Fig. 3D). RAD5] mRNA half-lives were determined to be
approximately 20 and 15 h in DFX-exposed and untreated
cells, respectively, and these values were based on duplicate
ActD experiments. In contrast, VEGF expression is substan-
tially increased in the presence of DFX, and VEGF mRNA
degrades rapidly after ActD addition, confirming both the in-
duction of chemical hypoxia and the successful inhibition of
transcription. In addition, 288 rRNA levels were unchanged
and served as standards to confirm equal sample loading.
These data indicate that the hypoxia-induced down-regulation
of RADS5! mRNA expression cannot be accounted for by de-
creases in the stability of the mRNA; thus, they suggest that
regulation occurs at the level of transcription.

To test whether the reduction in steady-state levels of
RAD51 mRNA under hypoxia is dependent on RADS! pro-
moter regulation, the effect of hypoxia on R4D5! promoter
activity was examined by using a promoter-luciferase reporter
system. As shown in Fig. 3E, a 1.8-kb fragment from the 5'-
flanking region of the RADS5! gene, containing the core pro-
moter region(s) described in the Eukaryotic Promoter Data-

~ base (30) and that identified by in silico analysis using the

Genomatix promoter identification algorithm PromoterIn-
spector (44), was isolated. A firefly luciferase reporter plasmid
containing this fragment (pGL3-Rad51p) was transiently trans-
fected into RKO cells 4 h prior to normoxic or hypoxic expo-
sure (48 h), immediately followed by measurement of lucif-
erase activity. Renilla luciferase activity from a cotransfected
pRL-SV40 control vector was used for normalization. The
luciferase reporter plasmid 5X-HRE, which contains five hyp-
oxia response elements (HREs) tandemly ligated to a human
cytomegalovirus minimal promoter, was used as a control to
confirm physiologically relevant levels of hypoxia. As shown in
Fig. 3F, exposure to hypoxia resulted in a fivefold repression of
pGL3-Rad51p reporter activity. In contrast, 5X-HRE reporter
activity increased approximately 50-fold, and no change in
activity was observed in the promoterless control plasmid
pGL3-Basic, in hypoxic cells. RKO cells were used in these
studies due to the ease with which they are transfected and
because of their ability to support high levels of RADS1 pro-
moter activities. RAD5/ promoter activity was also repressed
by hypoxia in MCF-7 and A549 cells, with H/N ratios of —1.8-
and —1.5-fold, respectively (data not shown). Taken together,
these findings suggest that hypoxia down-regulates the expres-
sion of the RADS5] gene via a mechanism involving transcrip-
tional repression.

Persistent down-regulation of Rad51 expression posthy-
poxia. Given the dramatic decreases that we observed in
RAD51 mRNA and protein levels after 48 h of hypoxia, we
sought to determine the extent to which these alterations per-
sisted after reoxygenation. MCF-7 cells were exposed to 48 h of
hypoxia, followed by a return to normoxic conditions for sev-
eral days thereafter. Cell lysates were prepared at 24-h inter-
vals throughout the time course, and Western blot analyses




0.01% 02 DFX A549
2ah  48h 24h 24h  48h
N H N H -+ 001%02  TH N H

&

RADS1 |@n s

VEGF g@

o —

VEGF -

. Sass

Loading

C | D

-DFX (24h) +DFX {24h)

Time after Act.D

addiongy 0 2 5 8 12 0 2 5 8 12 o 100
RADST % B el W s ‘s
i é 80
o
S
VEGF £ 60
E
Y- e e 40 8 401
285 | 7T & & " 2
. i : ¥
20
1 2 3 4 5 6 7 g8 9 10 3 & 9 12
Time after Act. D addition (h)
1000
18kD 33%b g‘ W = Normoxia
1 i = %
:‘;’ 800 | % = Hypoxia
[ 8
[ k) i—-;#—-{ Exon2 ¥ s ]
Genomatix e "5 600
3 QO — =
: g a0
-
pGL3-RadS1p 3
£ 2001

SX-HRE pGL3-Radstp  pGL3-Basic
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cells after exposure to normoxia (lanes N), hypoxia (0.01% O,) (lanes H), or DFX (250 uM). The time for which cells were maintained under each
condition (24 or 48 h) is given. VEGF expression is shown for comparison, to verify that physiologically relevant levels of hypoxia were present in the
treated cells, and expression of 285 rRNA is presented to confirm equal sample loading. (B) Northern blot analysis of R4DSI mRNA expression in A549,
SiHa, and RKO cells after a 24- or 48-h exposure to hypoxia (0.01% Q,). VEGF expression is shown for comparison, to verify that physiologically relevant
levels of hypoxia were present in the treated cells. Expression of 288 rRNA (MCF-7, SiHa, and RKO cells) and B-actin mRNA (A549 cells) is presented
to confirm equal sample loading. (C) To assess the stability of RAD5] mRNA, MCF-7 cells were either left untreated or exposed to DFX (250 pM) for
24 h, followed by coincubation with ActD (5 pg/ml) to block transcription. Cells were harvested at the indicated times after the addition of ActD, and
RADS51 mRNA expression was determined by Northern blotting. Expression of VEGF is shown to confirm both the induction of chemical hypoxia and
successful abolition of transcription. In addition, 28S rRNA levels were unchanged and served as standards to confirm equal sample loading. (D) Analysis
of RAD51 mRNA expression at each time point after ActD addition in cells exposed to DFX or left untreated, as determined by phosphorimager analysis
of Northern blots. Values are the percentage of RADS5! mRNA remaining in either DFX-treated or untreated cells at each time point, and error bars
are based on standard errors calculated from duplicate experiments. (E) Schematic of the 5’-flanking region of the RADS5T gene, with delineation of the
promoter fragment used for luciferase reporter gene assays (pGL3-Rad51p). Approximate locations of the core promoter regions, as described in the
Eukaryotic Promoter Database (EPD) and as identified by in silico analysis using the Genomatix promoter identification algorithm Promoterlnspector,
are shown for reference. Bent arrow above exon 2 indicates the ATG translation start codon. (F) To determine the effect of hypoxia on RADS5/ gene
promoter activity, the pGL3-Rad51p luciferase (firefly) reporter plasmid was transiently transfected into RKO cells 4 h prior to normoxic or hypoxic
exposure (for 48 h), immediately followed by measurement of tuciferase activity. Firefly luciferase values were normalized to Renilla luciferase activity
from a cotransfected pRL-SV40 controt vector, and error bars are based on standard errors calculated from duplicate experiments. The activity of the
luciferase reporter plasmid 5X-HRE, which contains five HREs tandemly ligated to a human cytomegalovirus minimal promoter, is shown as a control
to confirm physiologically relevant levels of hypoxia. The activity of the promoterless luciferase reporter gene construct pGL3-Basic is also shown as a
control.
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FIG. 4. Persistent down-regulation of Rad51 expression after hypoxia. (A) Western blot analyses were performed to determine the expression
pattern of Rad51 protein in MCF-7 cells cultured under hypoxia for 48 h (0.01% O,) (lane H) and then following reoxygenation (R), as indicated
by the timeline shown. Samples were obtained at 24-h intervals posthypoxia (lanes R), with the 72-, 96-, and 120-h time points representing 24,
48, and 72 h following reoxygenation, respectively. As a control to show that Rad51 levels do not change over the same period under normoxia,
Rad51 protein expression in cells grown in paraliel under consistently normoxic conditions is shown for each time point (lanes N). Expression of
HIF-1a and Glutl is shown for comparison, to verify that physiologically relevant states of hypoxia and reoxygenation were observed in the treated
cells. Tubulin expression is also presented to confirm equal sample loading. (B) Northern blot analysis was performed to determine the expression
of RAD51 mRNA in MCF-7 cells during the same time course and under the same conditions described for panel A. As indicated by the timeline
shown, RAD5] mRNA expression was assessed at 24 and 48 h of hypoxia (lanes H). RNA samples were also analyzed at 24-h intervals posthypoxia
(lanes R), with the 72- and 96-h time points representing 24- and 48-h periods of reoxygenation, respectively. As a control to show that RADS5/
expression does not change over the same period under normoxia, RAD51 mRNA expression in normoxic cells grown in parallel is shown for each
time point (lanes N). VEGF expression is shown for comparison, to verify that physiologically relevant states of hypoxia and rcoxygenation were

obtained in the treated cells. Expression of 28S rRNA is also presented to confirm equal sample loading.

were performed to assess Rad51 expression levels during and
after hypoxic exposure. Intriguingly, we detected the lowest
levels of Rad51 protein in the period following hypoxia. As
shown in Fig. 4A, Rad51 levels were lowest at 24 h after
reoxygenation (referred to as the 72-h time point) (lane 4), and
these levels did not return to normal, prehypoxia expression
levels until after the 96-h time point (lanc 6), which corre-
sponds to 48 h posthypoxia. The HIF-1a protein is rapidly
degraded under normoxic conditions, and thus it was not de-
tected upon reoxygenation at any of the posthypoxia time
points shown. Furthermore, we also observed a rapid decrease
in Glutt expression following reoxygenation, a response that is
expected for this gene in the transition from hypoxia to nor-
moxia. Rad51 protein expression levels at the 48- and 72-h

- time points were reduced approximately 6- and 12-fold, respec-

tively, and these values were based on triplicate experiments.
Reductions in Rad51 protein expression were also observed
20 h after a shorter, 24-h hypoxia exposure, although these
decreases were not as pronounced (data not shown). In addi-
tion, similar trends were also observed at the protein level in
A549 cells, with a slightly more rapid return of protein levels
following reoxygenation (Fig. 5D).

Northern blot analysis revealed that RAD5] mRNA levels
were also maximally decreased at the 72-h time point, repre-
senting 24 h posthypoxia (Fig. 4B, lanc 6). Furthermore,
mRNA and protein expression data from three independent
experiments revealed that the hypoxia-induced decrease in
Rad51 protein levels was consistently preceded by decreased

RADSI mRNA levels (data not shown). As expected, the ex-

pression of VEGF decreased rapidly to undetectable levels
after reoxygenation and thus serves as a control for the phys-
iological transition from hypoxia to normoxia. Taken together,
these results indicate that hypoxia induces substantial de-
creases in RAD51 mRNA levels, which are followed by corre-
sponding reductions in Rad51 protein levels. Importantly,
these reductions arc most pronounced in the posthypoxia
reoxygenation phase and persist for a significant period there-
after.

Hypoxia-mediated down-regulation of the RADS51 gene is
independent of the cell cycle profile. RAD5] mRNA expression
levels have been shown to be highest in the S and G, phases of
the cell cycle, and lowest during G, and G, in mammalian cells
(11). We thus sought to determine whether the observed de-
creases in Rad51 expression could be accounted for by specific
changes in the cell cycle profile induced by hypoxia. To this
end, we used flow cytometric analyses to determine the cell
cycle profiles of several of the human cell lines listed in Fig. 2C
upon exposure to hypoxia. As shown in Fig. SA, a range of cell
cycle profile changes were observed under hypoxia among the
four cell lines studied. We reasoned that if Rad51 expression
decreases could be accounted for by increases in the propor-
tion of cells in the G, phase under hypoxia, for example, then
there should be direct correlations between hypoxia-induced
G, shifts and H/N ratios of Rad51 expression in the cell lines
evaluated. As shown in Fig. 5B, no such correlations were
observed; MCF7, A549, and HeLa cells all displayed small
increases in the proportion of G,-phase cells upon hypoxia
exposure (1.3-, 1.2-, and 1.2-fold, respectively) yet exhibited
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FIG. 5. Decreased Rad51 expression is not associated with the cell cycle profile. (A) Quantitative assessment of cell cycle profiles of four cell
lines exposed to hypoxia (0.01% O,) or normoxia for 48 h. Calculated proportions are expressed as percentages based on triplicate hypoxia
experiments using flow cytometric analysis of Pl-stained cells and histogram analysis software. (B) Fold changes in both the percentage of cells in
the G, phase and the Rad51 protein level in hypoxia compared to normoxia, as calculated from panel A and Fig. 2C, respectively. (C) Semi-
quantitative RT-PCR analysis of RAD51 mRNA expression in isolated G,- and S-phase populations of normoxic and hypoxic cells. Equal numbers
of cell cycle-specific populations were obtained by DNA staining of cells with the vital fluorochrome Hoechst 33342, followed by flow cytometric
analysis and cell sorting. Unsorted cells processed in parallel are also shown for reference (lanes 1 and 2). VEGF expression is shown for
comparison, to verify physiologically relevant states of hypoxia in normoxic and hypoxic ccll populations, and the expression of B-actin is presented
to confirm equal sample loading. (D) Cell cycle profiles of A549 cells exposed to either normoxia or hypoxia for 48 h and of A549 cells reoxygenated
immediately following hypoxia for the indicated times, shown as histograms based on PI staining for DNA content. Approximate ranges of G-,
S-, and G,/M-phase populations are shown for reference. (Inset) Rad51 protein expression in the A549 cells at the corresponding time points.
(E) S-phase proliferation in normoxic A549 cells or in A549 cells reoxygenated for the indicated times, as assessed by BrdU incorporation. Dotted
lines represent the threshold for positive BrdU incorporation, based on cells assayed in parallel without BrdU incubation at each time point.
Quantitative assessments of cell cycle profiles at each time point are shown in each panel and were calculated as described in the legend to panel
A. The pereentage of total cells in each sample that incorporated BrdU is given in parentheses.
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FIG. 6. Decrcased Rad51 expression is not associated with HIF expression. (A) Western blot analyses were performed to determine the
expression of Rad51 protein in log-phase 786-0 cells expressing a wild-type (+VHL) or mutant (—VHL) VHL gene. Expression of VHL and Glut!
is shown for comparison to verify the status of these cells. Tubulin expression is also presented to confirm equal sample loading. (B) Western blot
analysis of RadS1 protein expression in 786-0 cells expressing either wild-type or mutant VHL following exposure to hypoxia (0.01% O,) for 48 h.
(C) Western blot analysis of Rad51 and HIF-la expression levels in HeLa cells 48 h after transfection with the HIF-lo expression vector

pCEP4-HIF-1a.

substantial (but variable) H/N ratios of Rad51 expression
(—6.0, —13.0, and —2.9, respectively). A431 cells, by contrast,
displayed no detectable G, shift under hypoxia yet displayed
H/N expression ratios similar to those seen in HelLa cells
(—2.4-fold).

In order to further confirm the cell cycle independence of
the down-regulation of RADS1 gene expression by hypoxia,
specific populations of G,- and S-phase cells were isolated
from both normoxic and hypoxic A549 cells, followed by anal-
ysis of RAD5] mRNA expression by semiquantitative RT-
PCR. Cell cycle phase-specific cell populations were obtained
by DNA staining of cells with the vital fluorochrome Hoechst
33342, followed by flow cytometric analysis and cell sorting.
This technique has recently been reported to facilitate the
recovery of intact mRNA from viable cells in distinct phases of
the cell cycle (20). As shown in Fig. 5C, substantial decreases
in RAD5I mRNA expression were observed in both G;- and
S-phase cells after a 48-h exposure to hypoxia (lanes 4 and 6,
respectively), with H/N ratios of —3.2 and —2.7, respectively.
These H/N ratios were similar in magnitude to those observed
in unsorted hypoxic cells processed in parallet (Fig. 5C, lanes 1
and 2), which displayed H/N ratios of approximately —3.4.
VEGF expression is shown for comparison, to verify physio-
logically relevant states of hypoxia in the individual normoxic
and hypoxic G- and S-phase cell populations, and the expres-
sion of B-actin is also presented to confirm equal sample load-
ing. These data provide direct evidence that the down-regula-
tion of RADS5] gene expression by hypoxia occurs in both the
G, and S phases of the cell cycle and thus cannot be attributed
to changes in the cell cycle profile.

A lack of correlation between the cell cycle phase and de-
creased Rad51 expression was also observed during the post-
hypoxia reoxygenation period, based on propidium iodide (PI)
analyses of DNA content and on the technique of bromode-
oxyuridine (BrdU) incorporation to assess ratcs of S-phase
proliferation. As shown in Fig. 5D, marked increases in the
proportions of A549 cells in the S and G,/M phases were

observed 24 h posthypoxia (58 and 12%, respectively), yet
Rad51 levels in these cells were persistently decreased. In
addition, cells were clearly entering S phase and undergoing
DNA replication in the early posthypoxic period, when Rad51
expression remained at its lowest levels. For example, S-phase
proliferation rates at 3 and 24 h posthypoxia were 25 and 46%,
respectively (Fig. SE). Collectively, these data demonstrate
that posthypoxic A549 cells resume S-phase replication and
enter the G,/M phase of the cell cycle yet still show substantial
decreases in Rad5! protein expression, indicating further that
the down-regulation of Rad51 is not governed by the propor-
tion of cells in G, or S phase and demonstrating an uncoupling
between cell proliferation and DNA repair gene expression.
Taken together, these findings provide strong evidence that
decreased RADS1 gene expression is morc hypoxia specific
than cell cycle phase dependent.

Reduced expression of Rad51 is not associated with HIF
expression, The HIF family of proteins has been shown to
regulate the expression of numerous genes that play roles in
angiogenesis, glycolysis, invasion, and metastasis in response to
hypoxia (17). It has also been demonstrated recently that
HIF-1a can induce the expression of transcriptional repressors
such as DEC1, a gene revealed by our microarray analysis to be
induced by hypoxia (Fig. 1B). Hence, we tested whether the
observed decreases in RADS]1 expression induced by hypoxia
might be mediated by HIF-la. or HIF-2a. HIF proteins are
highly unstable under normal oxygen tensions, because both
HIF-1a and HIF-2a are ubiquitinated through the interaction
with the von Hippel-Lindau tumor suppressor protein (pVHL)
and subsequently degraded by the 26S proteasome under nor-
moxic conditions (19). The pVHL-deficient cell line 786-0 spe-
cifically overexpresses HIF-2a and consequently overexpresses
HIF-2a downstream target genes, including Glut! and VEGF
(24). Expression of the VHL cDNA in these cells restores the
normoxic regulation of HIF-2«. We thus examined the expres-
sion of Rad51 protein in 786-0 cells complemented either with
the VHL ¢cDNA or with an empty vector. As shown in Fig. 6A,
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FIG. 7. Decreased HR in hypoxic and posthypoxic cells. (A) Schematic of the shuttle vector plasmid and donor DNA fragment used to assess
HR. Plasmid pSupFG1/G144C contains a supFG 1 gene with an inactivating G:C-to-C:G point mutation at position 144. The donor is a homologous
DNA fragment containing a portion of the wild-type supFG1 gene. Abbreviations: amp”, ampicillin resistance gene; WT, wild type. (B) Recom-
bination frequencies in MCF-7 cells cotransfected with the shuttle vector and donor fragment, followed by culture either under normoxic
conditions alone (72 h) or under hypoxia (0.01% O,) for 48 h, immediately followed by rcoxygenation and 24 h of normoxia (Hypoxia +
post-hypoxia). The total number of blue colonies/ total number of colonies in each sample is given in parentheses. Error bars are based on standard
errors calculated from duplicate experiments. (C) Recombination frequencies in MCF-7 cells cotransfected with the shuttle vector and donor
fragment under normoxic conditions immediately following a 48-h exposure either to normoxia or to hypoxia (0.01% O,) (Post-hypoxiz).

the expression of Rad51 was not affected by VHL status or
HIF-2« expression. The expression of VHL and Glut-1 pro-
teins are shown to confirm VHL status and a constitutively
hypoxic phenotype, respectively, in these two cell lines. North-
ern blotting also revealed no differences in steady-state R4D5
mRNA levels between the VHL mutant and wild-type cells
(data not shown). Interestingly, exposure of 786-0 cells ex-
pressing either wild-type or mutant VHL to hypoxia resulted in
similar decrcases in Rad51 expression (Fig. 6B). Taken to-
gether, these data suggest that the hypoxia-mediated down-
regulation of Rad51 expression occurs independently of HIF-
2a.. It also suggests that the down-regulation does not require
the expression of HIF-1a, since 786-0 cells lack HIF-1a ex-
pression (19). As an alternative approach to assessing the role
of HIF-1a in the regulation of Rad51 expression by hypoxia,
we transiently overexpressed a full-length HIF-Ia ¢cDNA in
normoxic Hela cells. Figure 6C demonstrates that exogenous
overexpression of HIF-1a was not associated with decreased
expression of Rad51. Collectively, these data suggest that hy-
poxia-induced decreases in R4AD51 gene expression are not
mediated by HIF-dependent pathways.

Decreased HR in hypoxic and posthypoxic cells. We next
sought to determine whether hypoxia-induced reductions in
Rad51 protein expression were associated with functional de-
creases in HR. We utilized a shuttle vector recombination
assay involving the transient transfection of a plasmid contain-
ing a mutated reporter gene along with a wild-type donor
fragment into MCF-7 cells exposed to normoxia or hypoxia in
order to assess frequencies of HR. Plasmid pSupFG1/G144C,
containing a mutated version of the supFG ] amber suppressor
tRNA gene, supFG1-144, was used as the recombination sub-
strate. A homologous fragment containing the wild-type
supFGI gene was used as a donor for recombination. The

_ function of the supFG1 gene can be assayed by recovery of the

episomal shuttle vector plasmid from the MCF-7 cells, with
subsequent transformation into indicator bacteria carrying an
amber stop codon in the lacZ gene. In this manner, supFGI-

144 reports recombination events that cause the gene to revert
to the functional sequence as detected in a blue/white colony
screen (5). A schematic of this reporter system is presented in
Fig. 7A for reference. Important features of this assay are the
facts that vector replication and recombination are indepen-
dent of the cell cycle and that previous studies in our lab have
provided evidence that recombination events in this assay are
dependent on Rad51 (8).

As shown in Fig. 7B, cotransfection of the shuttle vector and
wild-type fragment into MCF-7 cells immediately prior to hy-
poxic exposure (for 48 h), followed by plasmid recovery 24 h
posthypoxia, revealed a ~3-fold decrease in recombination
frequency in hypoxic cells relative to that observed in MCF-7
cells incubated under normoxia for the same total time. In-
triguingly, we observed the most substantial decreases in HR
frequencies when the cells were transfected during the post-
hypoxic period. Figure 7C shows that transfection of the shut-
tle vector and donor fragment into MCF-7 cells immediately
following the hypoxic (48-h) period resulted in an almost five-
fold decrease in HR, again relative to the frequency observed
in cells maintained under normoxic conditions throughout.
Thus, the observed decreases in HR paralle] the changes in
expression of Rad51 protein in hypoxia and posthypoxia.
Taken together, these data provide evidence that the de-
creased expression of Rad51 caused by hypoxia is associated
with a substantial and prolonged reduction in the capacity of
cells to carry out HR both during and after hypoxia, for as long
as 48 h following hypoxic exposure.

Inverse association between hypoxia and Rad51 expression
in cervical and prostate cancer xenografts. We next sought to
determine whether hypoxia-induced decreases in RadS! ex-
pression could be detected in vivo in the tumor microenviron-
ment. To this end, human prostate and cervical cancer xeno-
grafts in mice were generated from the PC3, Mel80, and
SiHa6 cell lines. These cell lines had all exhibited hypoxia-
induced decreases in Rad51 expression in culture (Fig. 2C and
3B; also data not shown). Histological sections from the re-
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FIG. 8. Inverse association between hypoxia marker staining and Rad51 expression in cervical and prostate cancer xenografts. Shown are
immunofluorescence analyses of staining with the hypoxia marker EFS (red) and Rad51 expression (green) in tumor xenografts derived from
Me180 cervical cancer cells (A), PC3 prostate cancer cells (B), and SiHa6 cervical cancer cells (C). Individual EFS, Rad51, and DAPI st'umng
(blue), and Rad51-EF5 merged staining (yellow), are shown in panel A. Arrowheads in panel A indicate substantially decredsed Rad51 expression

within a region of strong EFS5 staining.

sulting tumors were analyzed by immunofluorescence for
Rad51 expression and staining with the hypoxia marker EF3.
The binding of EF5 to cellular macromolecules occurs as a
result of hypoxia-dependent bioreduction by cellular nitrore-
ductases and thus can be used to detect hypoxia in solid tumors
(10). As shown in Fig. 8, we detected an inverse association
between Rad51 protein expression and EFS staining in xeno-
grafts from all three cell lines. All tumors were found to con-
tain hypoxic areas, as measured by an Eppendorf pO, probe
prior to removal for immunostaining (data not shown) (9).
This inverse association is particularly striking along the upper
border of the section from a Me180 cervical xenograft shown in
Fig. 8A, in which Rad51 expression is substantially decreased
within a region of strong EFS5 staining. In the merged image,
the overlay of Rad51 expression and EFS binding reveals min-
imal overlap in the majority of the section (Fig. 8A). Figure 8B
and C also demonstrate consistent inverse associations be-

tween Rad51 expression and EFS5 staining in PC3 and SiHa6
xenografts, respectively. Collectively, these findings demon-
strate that hypoxia within the tumor microenvironment is as-
sociated with decreased Rad51 expression; thus, they extend
our in vitro observations to the in vivo situation in tumors.

DISCUSSION

In the present study, we have demonstrated that hypoxia
specifically down-regulates the expression of RADS5I, a critical
mediator of HR, both in vitro in cell culture and in vivo within
the tumor microenvironment. Substantial decreases in Rad51
expression both during and after hypoxic exposure were ob-
served in a wide range of cell types, and the mechanism of
regulation appears to be independent of cell cycle profile and
HIF expression. Analyses of protein stability, mRNA stability,
and promoter activity indicate that hypoxia regulates RADS57
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gene expression via a mechanism involving transcriptional re-
pression. We detected decrcased HR in cells both during and
after hypoxic stress, demonstrating that the down-regulation of
Rad51 expression by hypoxia has functional consequences for
DNA repair. These findings were extended to the tumor mi-
crocnvironment; we detected decreased expression of Rad51
in hypoxic regions of cervical and prostate tumor xenografts.
Taken together, we propose a novel mechanism of genetic
instability in the tumor microenvironment mediated by hy-
poxia-induced suppression of the HR pathway.

In a recent review regarding genetic instability and tumori-
genesis, Loeb and colleagues proposed a paradigm shift in the
way in which DNA repair pathways are thought to be regulated
in mammalian cells (23). In the traditional view, it was thought
that DNA repair genes were expressed constitutively in cells,
such that they may be readily available as new DNA damage
lesions arise from exogenous insults or endogenous processes
such as replication errors or oxidative metabolism. Inactivation
of these pathways in cancer was thought to occur primarily
through genetic mutation or silencing by promoter methyl-
ation, thus resulting in an irreversible mutator phenotype. Re-
cent studies, however, have supported the concept that genetic
instability can arise from dysregulation, rather than complete
inactivation, of DNA repair pathways (13). Our results are in
accord with such a paradigm shift, as we detected substantial
but reversible hypoxia-induced decreases in Rad51 expression
that were associated with significant functional consequences
with respect to recombinational repair.

The HR pathway in the maintenance of genetic stability.
Despite extensive studies, there have been few reports describ-
ing mutations in the RADS5! gene in human tumors (18).
However, it was recently shown that overexpression of a dom-
inant-negative form of the RADS5! gene (dnRADSI), but not a
wild-type form, was associated with increased tumorigenicity in
Chinese hamster ovary (CHO) cells (1), suggesting that
RADSI indeed acts as a tumor suppressor. Furthermore, re-
cent studies have suggested that BRCAI, a well-documented
tumor suppressor (41), may function specifically to promote
high-fidelity HR while simultaneously suppressing the error-
prone, nonhomologous end-joining (NHEJ) pathway (49).
Along these lines, several reports have demonstrated up-reg-
ulated NHEJ repair activity in the context of impaired HR, and
vice versa (39). Thus, the BRCAI-RADSI pathway likely rep-
resents an axis of tumor suppression, in which genome integrity
is maintained by high-fidelity HR-mediated repair. As pro-
posed for the case of inherited BRCAI deficency, hypoxia-
induced acquired decreases in RADS51 expression, and conse-
quently diminished HR frequencies, thus may lead to genetic
instability by shifting the balance between HR and NHEJ. We
arc currently investigating this possibility in further detail.

Hypoxia, DNA damage, and genetic instability. As discussed
earlier, hypoxia is associated with a diverse spectrum of DNA
damage and genetic aberrations. In particular, hypoxia-reoxy-
genation cycles are associated with oxidative stress and the
production of reactive oxygen species, which are thought to
induce high levels of both single-strand breaks and double-
strand breaks. Studies have demonstrated that reoxygenation
after a brief period of hypoxia can induce a high level of DNA
damage (in the form of double-strand breaks) comparable to
that observed after exposure to 4 to 5 Gy of ionizing radiation
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(IR) (15). In spite of this potentially large number of DNA
strand breaks following hypoxic exposure, it is striking that we
observed such profound decreases in Rad51 expression in the
same time period, as Rad51 is a central protein in the pathway
responsible for the error-free repair of such DNA lesions. In
addition, studies have demonstrated that Rad51 is required for
normal S-phase progression in mammalian cells, because of
the role of Rad51 in resolving stalled and collapsed replication
forks (36). Thus, the finding that posthypoxic cells resume
DNA replication in the setting of decreased RadS51 expression
suggests that hypoxia-induced down-regulation of Rad51 may
have a major impact on genome integrity in the tumor micro-
environment. This uncoupling of proliferation and Rad51 ex-
pression may be particularly important in regions of tumors
undergoing fluctuating perfusion and consequently repeated
cycles of hypoxia followed by reoxygenation. Hypoxia itself has
been shown to induce an S-phase arrest which is reversible
upon reoxygenation and may be associated with stalled repli-
cation forks (14, 16). In this situation, hypoxia-induced reduc-
tions in Rad51 expression would again have a major impact on
the ability of tumor cells to maintain genomic integrity.
Regulation of DNA repair gene expression. Microarray data
from this study have provided further evidence that the down-
regulation of specific genes by hypoxia is as important as up-
regulation in accurately characterizing gene expression profiles
associated with hypoxia. The data presented here demonstrate
that the hypoxia-induced decreases in Rad51 expression occur
through a HIF-independent pathway involving transcriptional
repression of the RADS51 promoter. Initial analyses of promot-
ers from genes involved in the HR pathway have revealed a
complex picture of regulatory elements, and many of these
elements appear to be conserved in mice and humans (18).
Interestingly, the RAD5] transcript contains an untranslated
first exon (Fig. 3E), suggestive of gene regulation at the mRNA
level. While the 5’ regulatory region of the RADS51 gene con-
tains a CpG-rich region and lacks a TATA box (a typical
arrangement found in many housekeeping genes), recent anal-
yses have demonstrated numerous potential regulatory ele-
ments in the core promoter region of this gene (18). In one
study by Levy-Lahad et al,, a single-nucleotide polymorphism
at nucleotide 135 of the untranslated first exon of the RADSI
gene was associated with incrcased breast cancer risk in
BRCAZ2 mutation carriers (21). These analyses strongly suggest
that the expression of RAD51 may be regulated by specific
promoter elements in response to various stimuli, and they
represent potential sites of dysregulation in the context of
tumorigenesis and the tumor microenvironment.
Implications for cancer therapy. It has been established that
hypoxic cells are more resistant to IR than their well-oxygen-
ated counterparts due to decreased potentiation of free radical

damage mediated by oxygen, and numerous studies have quan-

titatively associated tumor oxygenation with response to radio-
therapy (32). Interestingly, however, it has also been reported
that cells irradiated under normoxic conditions in the period
immediately following hypoxia are actually more radiosensitive
than cells irradiated without such hypoxic pretreatment (50).
At the time, the underlying mechanism for this sensitivity was
not clear. This phenomenon was observed in numerous cell
lines, including two used in the present study, HeLa and A431
cells. Interestingly, cells with inactivated HR components ex-
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hibit hypersensitivity to DNA-damaging agents, including IR
(38). Specifically, several studies have demonstrated an asso-
ciation between down-regulation of RadS1 expression and in-
creased radiosensitivity in a number of cell types (28). We
propose that the persistent posthypoxic decreases in Rad51
expression reported here may partially account for the phe-
nomenon of posthypoxia-associated radiosensitivity. These
findings suggest that gene expression changes that persist in
the posthypoxic period may significantly impact the response
of cancer cells to therapy. Daily fractionated radiotherapy is
thought to preferentially kill oxygenated cells and promote the
reoxygenation of previously hypoxic cells. Hence, the extra
sensitivity of immediately posthypoxic, reoxygenated cells (per-
haps due to the dynamics of R4D5! expression and dysregu-
lation of other DNA repair genes) may provide insight into the
basis for the efficacy of fractionated radiotherapy.

Substantial evidence now exists implicating tumor hypoxia in
the development of aggressive tumor phenotypes. Recent stud-
ies have further clarified this association, leading to the finding
that hypoxia up-regulates numerous genes involved in invasion
and metastasis (37). We and others have demonstrated that the
tumor microenvironment contributes to genctic instability and
tumor progression, and the data presented in this study pro-
vide a mechanistic basis for this phenomenon. Furthermore,
Rad51 dysregulation may also create heterogeneity in the
DNA damage responsc among cells within tumors, with impli-
cations for the response to cancer therapies.
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